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Abstract  
Porous polymers generated from high internal phase emulsions (HIPEs), 
having interconnected open-void morphology, low density and high porosity 
up to 95%, are finding various applications including separation science due 
to their exceptional properties, such as tunable pore size and surface 
characters. 
A new class of polyHIPE materials has been prepared using HIPE template 
stabilized by a series of tailor-made polymeric surfactant as sole stabilizer. 
These polymeric surfactants were synthesized by radical addition-
fragmentation chain transfer (RAFT) polymerization, which from the 
obtained copolymer is called an amphiphilic macro-RAFT agent. 
The first section focuses on the preparation and characterization of 
functionalized polyHIPE materials prepared via HIPE-template stabilized by 
an anionic polymeric surfactant. The presence of these amphiphilic species 
allowed the successful preparation of a polyHIPE upon polymerization. The 
effect of concentration of macro-RAFT agent, pH, initiator, hexadecane as 
an organic modifier and the polymerization temperature on the morphology 
of the resulting porous materials was investigated. A strategy for preparation 
of functional polyHIPEs and a tool to transfer the RAFT moiety to the 
surface by introducing macro-RAFT agent was established. 
Upon development of various new polyHIPE materials, an inverse high 
internal phase emulsion was introduced to a capillary format as a ‘column 
housing’. The influence of the PEO-based brush-type amphiphilic macro-
RAFT agents on the morphology and surface chemistry of the resulting 
macroporous polymers is discussed in detail. Using nano-liquid 
 	 xiii	
chromatography, it is shown that the polyHIPE are decorated with different 
microenvironments amongst the voids or domains of the monolithic 
structure. This is the first reported use of a hydrophilic polyHIPE in a 
capillary format as a stationary phase and also the first demonstration of the 
role of the RAFT group of the emulsifier in the attachment of the obtained 
polyHIPE to the inner surface of a capillary format column. 
Furthermore, polyHIPE materials have also been prepared by using water in 
oil template using macro-RAFT agent as polymeric surfactant, while the 
RAFT part of the macro-RAFT agent is placed in the oil phase (monomer 
phase). The obtained polyHIPE is a tough material with a close structure. 
The pore structure of polyHIPEs was closed. Further study shows that by 
removing the RAFT-end group of the polymeric surfactant, the obtained 
polyHIPE possess an open structure with voids. The effect of the RAFT part 
of the polymeric surfactant on the surface chemistry of the polyHIPE is 
discussed. Novel technology was developed to allow straightforward 
functionalization of the obtained polyHIPE via surfactant-assisted 
functionalization strategy for application in separation science as a new 
functionalized stationary phase. 
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Preface 
Porous polymer monoliths are a category of materials developed more than 
20 years ago [1-5]. Monolithic polymeric materials with well-defined pore 
properties and surfaces are excellent materials for chromatographic 
separation media, ion exchange resins, and catalyst supports, due to their 
relatively easy preparation as well as high gas/liquid permeability without 
loss of reparation efficiency [6-10].  
The greatest changes in separation selectivity can be achieved by changing 
the properties of the stationary phase, in particular the surface chemistry 
with which analytes can potentially interact. With respect to the monolith 
surface, the desired surface chemistry of the monoliths can be achieved 
using two basic approaches: copolymerization of monomers containing the 
preferred functionalities and post-polymerization modifications. While the 
first approach is a simple single step, functionalities are distributed 
throughout the bulk and some of them may not be accessible. In the second 
approach, pores of a monolith prepared from monomers containing reactive 
group are filled with the reagent. After the reaction is completed, the 
monolith is flushed with a solvent to remove all un-reacted components. 
However, it has become clear that in some cases surface-functional 
materials are evenly dispersed throughout the structure rather than expressed 
on the surface, which is most desirable for chromatographic applications 
[11]. 
A range of approaches have been explored in order to obtain homogeneous 
and highly ordered structures for separation media [5]. Polymerised high 
internal phase emulsions (polyHIPEs) consists of a highly porous structure 
with interconnected spherical voids [12]. Because of these features, 
polyHIPEs appear to be a new generation of materials for use as a stationary 
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phase in separation science. An important difference between these supports 
and conventional monoliths (in separation science) is that polyHIPEs can 
easily be prepared in analytical scale separation columns as the weight 
fraction of monomer used is low and consequently the heat produced during 
the polymerisation reaction is easily dissipated by the solvent phase [13].  
A scanning electron microscopy (SEM) image of a typical PolyHIPE 
material is shown in Figure 1, where the highly interconnected void 
network can clearly be seen. In the literature [14-16], “voids” or “pores” are 
referred to the spherical cavities created by the emulsion droplets and terms 
“windows” or “pore throats” are referred to interconnecting holes. One of 
the keys in the preparation of polyHIPEs is in many cases the stability of the 
initial emulsion and the surfactants used to stabilize the systems. 
 
Figure 1. SEM of a typical PolyHIPE material. V indicates void, W 
indicates window. The scale bar is 50 µm. 
There are a few examples in which the polyHIPE monolithic structure can 
be used as separation media in high-pressure liquid chromatography 
(HPLC) [17, 18]. All demonstrated examples consist of polymers that are 
hydrophobic in nature, which limits their applications to separation of non-
polar analytes in reversed phase (RP) mode. As a consequence, 
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manipulating the surface chemistry of the polyHIPE structure is highly 
desirable to explore the application of these materials under different 
chromatographic modes. 
There is a rich diversity of approaches for the preparation of monolithic 
structures (See Table 1). One developed approach to stabilize a polyHIPE is 
the “surfactant free” concept [19]. This concept, usually referred to as a 
“Pickering emulsion”, is an emulsion stabilized by solid particles 
(micrometer- or nanometer-scale) that preferentially migrate to the interface. 
By using particles bearing specific functionality, the surface of the resulting 
polyHIPE could be homogeneously decorated by desired functional group.  
Table 1. Advantages and disadvantages of PolyHIPE versus monolithic polymer 
Conventional PolyHIPE Pickering- PolyHIPE Monolithic polymer 
Positive attributes  
Permeable to gases and 
wetting liquids (due to their 
highly interconnected 
struture) [6] 
Decorating the polymer 
surface with Functional 
Nanoparticles  
Study on the preparation, 
structures and application 
in separation science for 
more than two decades 
[3, 17, 20-25] 
Uniform porous structure: 
Void sizes between 1 and 20 
µm and interconnectivity by 
windows, which are around 
20–50% of the void diameter 
[12, 26] 
Enhance the thermal and 
mechanical properties of 
PolyHIPE [27] 
Relatively easy 
preparation [28]  
 
Easy preparation, facile 
control of void size [17] 
High surface area 
available for reactivity 
High permeability [29] 
Negative attributes  
Poor mechanical stability 
[12] 
Low permeability due to 
closed structure 
Some limitation in 
modification of surface 
[30] 
Low surface area 
(Conventional PolyHIPE) 
Closed-cell voids 
ranging from 200 to 
700µm [31, 32] 
Some problem related to 
heterogeneity of structure 
 
Despite successful preparation of the functionalized Pickering- PolyHIPE, 
the application of these types of materials is restricted as the void or domain 
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possess closed structure, especially for flow-through applications. Using 
surfactants and nano-fillers as Pickering stabilizers have a synergistic effect 
and the obtained polyHIPEs possess open structure [33, 34]. As an 
alternative method, tailor-made polymeric nanoparticles can be used for 
functionalization of polyHIPE monoliths by simple embedded strategy [35, 
36]. While this could be considered for preparation of a functionalized 
polyHIPE, a large portion of the polymeric nanoparticles is expected to be 
fully embedded inside the polymer wall, thereby making only a small 
contribution to the surface chemistry. Novel polymerization methods are 
needed to improve the structural homogeneity of the monolith while the 
surface chemistry is modified, in order to establish a desired 
chromatographic selectivity and appropriate flow permeability. This could 
be achieved by using tailor-made reactive polymeric surfactant. 
Scope of this thesis 
The main aim of this study is to develop a polymeric surfactant-assisted 
functionalization strategy to design supracolloidal monolithic structures for 
applications in separation science. The polymerized high internal phase 
emulsion stabilized by a diblock copolymer will provide different surface 
chemistry in the resulting monolithic structure as well as a control over the 
interconnectivity. These polyHIPE materials can be tailored for application 
to a specific analytical problem, which has important implications for rapid 
and high-throughput screening of small molecules. Their interconnected 
structure allows the convective flow of the mobile phase through the 
separation medium, producing low-pressure drops at high flow rates as well 
as fast mass transfer of the solutes to the stationary phase.  
The following steps constitute the main frame of the project: 
1) Synthesis functional amphiphilic copolymer by RAFT technology  
2) Stabilization of HIPE by tailored-made polymeric Surfactants 
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3) Immobilized functional amphiphilic macro-RAFT agent in HIPE 
(High Internal Phase Emulsion) 
4) Evaluation PolyHIPE as Stationary Phase for separation science 
The first chapter of this thesis covers some of the theory and concepts of 
emulsion preparation in addition to a brief introduction on the theory and 
concept of the “Reversible Addition-Fragmentation chain Transfer” (RAFT) 
technology, which will be used regularly for synthesis throughout this 
thesis. The RAFT technology allows the synthesis of amphiphilic block 
polymers (or macro-RAFT agents) required for the fabrication of HIPEs, 
with the sequential polymerization of two monomers of opposing 
lyophilicity (e.g. a hydrophilic monomer and then a hydrophobic monomer). 
The second chapter of this thesis deals with preparing anionic amphiphilic 
macro-RAFT agents to be used as sole stabilizer for an inverse HIPE-
template (oil in water). A strategy for preparation of functional polyHIPEs 
and a tool to transfer the RAFT moiety to the surface by introducing macro-
RAFT agent was established. The third chapter examines the surface 
chemistry of the obtained polyHIPE using nano-liquid chromatography. 
PolyHIPE monoliths, in a capillary format, was investigated and 
characterised to evaluate their suitability for separation of small molecules. 
The final chapter investigates the role of the RAFT-end group of the 
amphiphilic macro-RAFT agent on the morphology and surface chemistry 
of the obtained polyHIPE via water in oil emulsion templating. 
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1. Introduction 
1.1 Introduction structure 
This introduction consists of two sections. The first section will cover some 
of the theory and concepts of emulsion preparation, specifically high 
internal phase emulsions (HIPEs). The second section will briefly cover the 
“Reversible Addition-Fragmentation chain Transfer” (RAFT) technology, 
which will be used regularly for synthesis throughout this thesis. A 
particular focus will be placed on the preparation of amphiphilic polymeric 
copolymer under RAFT control. 
1.2 High Internal Phase Emulsion Templating 
High internal phase emulsions (HIPEs) are concentrated mixtures of liquid 
droplets dispersed in another liquid, defined by a minimum droplet volume 
fraction of 74% [1]. This amount represents the most efficient packing 
arrangement viable for identical spheres [2]. Due to higher levels of the 
internal phase in a HIPE, the droplets of internal phase become distorted and 
are deformed into polyhedra, which was first stated by Kepler (known as 
Kepler’s conjecture) [3]. In a HIPE, the continuous phase forms a network 
of thin liquid film separating the dispersed phase. A well-known example of 
a HIPE is mayonnaise. Vegetable oil as internal phase in mayonnaise, 
emulsified in the external phase (vinegar), using the lecithin in egg yolk as 
the emulsifier [4]. 
In 1974, Lissant et al. [5] coined the phrase, “HIPEs” for emulsions. They 
showed using scanning electron microscopy that the droplets were 
polyhedral and relatively monodisperse in size [6]. The most studied system 
comprises of styrene and divinylbenzene (DVB), which was patented by 
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Barby and Haq (Unilever) in 1982 [7]. In the literature this kind of emulsion 
also has a number of other names, such as high internal phase ratio 
emulsions (HIPRE) [5, 8], hydrocarbon gels [9], concentrated emulsions [6, 
10], and gel emulsions [11, 12].  
The type of HIPE that is formed depends on numerous factors including 
temperature, electrolyte concentration, proportions of components, nature of 
components and surfactant structure. The simple HIPE structures are 
droplets of water, in case of water-in-oil (w/o) emulsions or droplets of oil, 
in case of oil-in-water (o/w) emulsions. 
HIPEs were originally investigated as a method for entrapping volatile, 
toxic solvents in non-Newtonian formulations for such applications as 
cleaning wax or sulfur from oil and gas wells and for transporting bulk 
solids [13-16]. The most common use of HIPEs is the formation of 
PolyHIPEs [1]. In this case, the continuous phase must consist of cross-
linker(s) and/or an electrolyte solution. Minimum requirements needed for 
preparation of water-in-oil high internal phase emulsion (known as a 
conventional or normal HIPE) are: aqueous phase with electrolyte (liquid at 
least 74% for droplets), monomer, initiator and cross-linker, and emulsifier. 
A stable HIPE can be used as a precursor for preparing a homogeneous 
polyHIPE monolithic structure. 
 
1.2.1 Stability of high internal phase emulsion 
An emulsion is defined as a mixture of two immiscible liquids, where one 
phase is dispersed as droplets within the other. HIPEs are generally formed 
by the controlled addition of the internal phase to the external phase (which 
also contains the surfactant), under constant stirring. Only a few of the 
available surfactants are able to keep the major internal phase dispersed 
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within the minor external phase [17]. Surfactant molecules placed at the 
interface of the two phases provide stability and prevent the two phases 
separating by reducing the overall interfacial tension. Based on the nature of 
the dispersed phase, emulsions can be oil-in-water (o/w), water-in-oil (w/o) 
or oil-in-oil (o/o) [18]. The liquid in which the surfactant has a higher 
solubility tends to be the continuous phase, meaning that w/o emulsions 
persists in the presence of oil soluble surfactant and are rapidly destroyed in 
the presence of a water-soluble surfactant. Conversely, o/w emulsions 
persist in the presence of water-soluble surfactants. This is a model which 
predicts emulsion morphology based on surfactant affinity to the continuous 
phase (Bancroft’s rule) [19]. 
Emulsion stability is a kinetic concept. As it can be seen in Figure 1.1, after 
the preparation of emulsion, several breakdown processes may occur due to 
a series of processes at the microscopic level that depend on the particle size 
distribution and the density difference between the internal and the external 
phase. The four main ways in which an emulsion may become unstable are 
creaming (or sedimentation) [18], aggregation (flocculation) [20], 
coalescence and Ostwald ripening [21]. An emulsion that is stable against 
coalescence and aggregation is referred to as a kinetically stable emulsion.  
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Figure 1.1. Schematic of emulsion breakdown processes. 
There are two major studied mechanisms for minimizing the interfacial 
area: coalescence and Ostwald ripening [21]. Ostwald ripening consists of a 
diffusive transfer of the dispersed phase from smaller to larger droplets and 
it is determined by the solubility of the dispersed droplets in the continuous 
phase and the particle size distribution. Coalescence is the formation of 
larger droplets by merging of smaller ones where small droplets come into 
the contact by thinning and finally dissolution of the liquid surfactant film 
that covers them [22].  
Describing each method of breakdown is non-trivial and requires analysis of 
all possible surface forces that have a rule in a particular physical 
phenomenon [18]. For an emulsion system such as a HIPE, the degree of 
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kinetic stability is very important. Typically, this is influenced by a number 
of factors such as molecular structures of the components, the surfactant 
type, the dispersed phase content, the temperature and the presence of 
stabilizing salts. Among them, the nature of the surfactant is critical to the 
stability of a major phase dispersed within a minor phase [4]. 
1.2.1.1 Surfactant as emulsifiers in HIPEs 
Surface-active agents (usually referred to as surfactants) are amphipathic 
molecules that consist of a hydrophilic group (water-loving) and at least a 
hydrophobic group (lipophilic group). Surfactants can be either nonionic or 
ionic in nature, depending on their ionization and dissociation in water [23]. 
HIPEs are commonly stabilized by surfactants [24]. To achieve a stable 
HIPE, the surfactant must rapidly adsorb at the interface, and must lower the 
interfacial tension between the phases to form a rigid interfacial film [25]. 
The polymerization of the continuous phase of HIPEs leads to porous 
polymeric monoliths with open-cellular structure [26]. Typically, a 
surfactant stabilized HIPE results in a conventional polyHIPE structure with 
pore sizes ranging from 1 and 20 µm [27]. There are only a limited number 
of emulsifiers able to stabilize the HIPE, such as SPAN 80 1  [28] or a 
mixture of nonionic, anionic, and cationic surfactants: SPAN 202, DDBSS3, 
and CTAB4 [29, 30]. Between them, Sorbitan monooleate (Span 80) is the 
most commonly used emulsifier for w/o HIPE stabilization [2]. 
Another important class of surfactants are polymeric surfactants [31]. 
Various polymeric surfactants have been introduced under special trade 
names, such as Hypermers®, Pluronics® and Synperonic® [23, 32]. The 
																																								 																				
1Sorbitan monooleate	
2Sorbitan monolaureate	
3Dodecyl benzenesulfonic acid sodium salt	
4Cetyltrim ethylammonium bromide	
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non-ionic polymeric surfactants, Hypermer 1070 [33-35],  Hypermer B246 
SF [24, 36, 37], and Hypermer	 2296 [38-42] were successfully used to 
stabilize HIPEs. Several block and graft copolymers are produced with 
trademarks Pluronics® or Synperonic PE ® with structure PEO5PPO6
PEO with different chain lengths of the blocks. The hydrophobic PPO chain 
anchors to the hydrophobic surface, leaving the two PEO chains dangling in 
the aqueous solution and providing thereby a steric stabilization.  Yao et al. 
stabilized HIPEs using a triblock copolymer surfactant Pluronics®) 
consisting of PEO end blocks and a PPO midblock [43].  
The selection of different surfactants in the preparation of either o/w or w/o 
emulsions is often still made on an empirical basis. For selecting an 
emulsifier for any emulsion system, there are two concepts that help us to 
find a stable emulsion: Hydrophilic-Lipophilic Balance (HLB) concept [44] 
and Phase Inversion Temperature (PIT) concept [18]. Even after 60 years 
and numerous limitations, Griffin’s HLB is still the most commonly used 
surfactant property to predict surfactant performance. 
1.2.1.1.1 Hydrophilic-Lipophilic Balance (HLB) Concept 
The concept of HLB (hydrophile -lipophile balance) was first introduced by 
Griffin based on the surfactant solubility in water and, consequently its 
tendency to be dissolved by oils [45]. Surfactants are assigned a HLB value 
ranging from 0 - 40, and it is related to the balance between the hydrophilic 
and hydrophobic portions of the molecule. Where a surfactant of 
intermediate value is required, two surfactants of a higher and lower value 
than the one that is required can be combined (Formula (1)): 
HLB mix= Σ Xi HLBi                                                (1)      
																																								 																				
5	poly(ethylene oxide) (PEO)		
6	poly(propylene oxide) (PPO)	
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For all emulsions there will be an optimum HLB value. The HLB range over 
which w/o emulsions can be formed is very narrow and it has been shown 
that variation of surfactant HLB value within this range has little influence 
on emulsion stability [46]. In addition, a mixture of oil soluble surfactant 
and water soluble surfactant often more effectively stabilizes emulsions than 
a single surfactant [47]. 
A few years after Griffin, J. T. Davis created a method that extended the 
calculation of HLB to ionic surfactants [48]. The Davis system assigns 
positive or negative numerical values to diverse chemical groups based on 
their hydrophilic or hydrophobic potency. Other methods have been 
developed in attempts to improve upon the HLB system that Griffin 
originated [49]. The balance of the hydrophilic and lipophilic groups is 
often the most important surfactant property in determining surfactant 
performance. For example, a nonionic surfactant with a low HLB, such as 
Span 80 with HLB of 4.3, is needed to form a stable w/o HIPE. 
The HLB value also can be determined experimentally [50, 51]. HLB values 
for surfactants with unknown HLB values can be compared to surfactant 
standards with known HLB values or estimated by observing how the 
surfactant disperses in water (no dispersion = 1 to 3; poor dispersion = 3 to 
6; unstable milky dispersion = 6 to 8; stable milky dispersion = 8 to 10; 
translucent to clear dispersion = 10 to 13; and clear solution > 13) [48]. 
Table 1.1 provides general guidance for matching surfactant HLB values 
with surfactant applications. Generally, surfactants with HLB > 7 tend to 
form o/w emulsions and those with HLB < 7 tend to form w/o emulsions. 
An example of how the HLB value can sometimes be misleading is that o/w 
emulsions could be effectively stabilized by using a polymeric surfactant 
with low HLB value [52]. 
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Table1.1. General guide for matching surfactant HLB to surfactant 
application [23] 
Application HLB Range 
Mixing unlike oils 1 to 3 
Water-in-oil emulsions 4 to 11 
Antifoam 4 to 8 
Wetting 7 to 12 
Self-emulsifying oils 7 to 10 
Oil-in-water emulsions 10 to 16 
Detergent 12 to 15 
Solubilize oils and microemulsions 13 to 18 
Stabilizer 16 to 20 
 
1.2.1.2 Particle as emulsifier in HIPE (Pickering-HIPE) 
A different approach to stabilizing HIPE was developed by using a 
“surfactant free” concept [53]. This concept is usually referred to as 
Pickering emulsion, is an emulsion stabilized by solid particles 
(micrometer- or nanometer-scale) that preferentially migrate to the interface. 
In contrast to conventional polyHIPEs, Pickering-polyHIPEs have larger 
voids but closed-cell voids ranging from 200 to 700 µm [42]. The first paper 
describing the concept of particle-stabilized, or Pickering emulsions as a 
template to manufacture polyHIPEs was published by Colver et al. [54]. 
The particles used as stabilizers in Pickering emulsions are generally 
perceived to be irreversibly trapped at the liquid-liquid interface [55]. These 
characteristics can produce a number of benefits in polyHIPE 
manufacturing, not totally achievable when using conventional low-
molecular-weight surfactants. For example, this method has been improved 
the mechanical strength of polyHIPEs [56]. Among the particles that used in 
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Pickering stabilized emulsion, the most improvement on mechanical 
stability effective was observed with incorporating inorganic components 
[33, 57, 58]. 
The use of particles to stabilize the emulsion polymerization mixture has 
some other advantages such as the possibility to functionalize the cell walls 
of the porous polymers with a layer of solid nanoparticles bearing different 
functional groups [54]. In general, these particles could contain functional 
groups for substrate, for example, for the ion exchange interaction [59]. 
Moreover, individual cell walls of the polyHIPE will allow functionalization 
of different types of particles via one simple synthetic procedure. These 
different micro-environments could create great potential benefit, especially 
in the design of porous monoliths for multistep reactions. 
The Pickering HIPE tends to form closed-cell porous material and 
occasionally only a few pore throats can be formed while drying, which 
unfortunately limits the application of Pickering-polyHIPEs [60]. 
1.2.2 Polymerized high internal phase emulsion (polyHIPE) 
The emulsion structure at the gel point of polymerization is a template for 
the pore structure of the resultant macroporous polymer, commonly called a 
polyHIPE after the internal phase is removed as visualized in Figure 1.2. 
The water-in-oil high internal phase emulsion is referred as “normal HIPEs” 
and if the oil phase is replaced by a hydrophobic monomer the “normal 
polyHIPEs” would be synthesized [17]. 
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Figure 1.2. Schematic of polyHIPE preparation. The scale bar is 50µm. 
1.2.2.1 PolyHIPE morphology 
Porous polymer materials are generally formed via templates of water 
droplets (usually range from 5 to 100 µm)-in- an oily monomer phase 
(continuous phase) and the emulsion stabilized with surfactants. The 
surfactant content is often more important in determining the porous 
structure than the internal phase content. In 1988, a closed-cell structure was 
produced at surfactant contents below 5% of the external phase, while at 
around 7 % of surfactant; a highly interconnected open-cell structure was 
produced. It was indicated that open or closed structure is largely depended 
on the amount of added surfactant during HIPE formation [61].  
Resulting polyHIPE materials typically possess an open pore system, 
meaning that voids which arise as a result of extraction of internal phase 
after the polymerisation of continuous phase are connected via smaller 
windows [26]. Increasing the proportion of surfactant causes the thinning of 
monomer layer between droplets and at some critical point of added 
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surfactant the monomer layer becomes very thin. The polymer film shrinks 
slightly because of monolith volume contraction and consecutively breaks 
between neighboring former droplets to form windows. Another explanation 
is that the window is obtained by drying in vacuum or extraction of 
polyHIPE after polymerization [62]. Gitli et al. indicated that the holes are 
formed during polymerization since bi-continuous phase structures have 
been observed in polyHIPE that have not undergone post-polymerization 
processing [63]. 
Various factors affect the droplet size of the dispersed phase. In the earlier 
work in polyHIPE, the void size decreased with divinylbenzaene (DVB) 
content, reflecting the greater hydrophobicity of DVB. In addition, the 
addition of a salt to dispersed phase can also reduce the void size by an 
order of magnitude [64].  
In 2006, Carnachan et al. [65] changed the temperature of the internal 
aqueous phase to control the porous structure as well as adding organic 
additives. The coarsening of the emulsion results from an enhancement in 
Ostwald ripening. They used NMR7 technique for finding rates of diffusion 
of water through the continuous phase. 
1.2.2.2 PolyHIPE surface area 
A possible disadvantage of conventional polyHIPEs is that they exhibit only 
modest surface areas around 5–20 m2/g due to fact that the voids in 
polyHIPEs are tens of micrometers in diameter and the walls are essentially 
“solid” [1]. Conventional polyHIPE densities are around 0.1 g/cm3. 
However different research groups have reported the preparation of 
polyHIPEs with high surface by adding a porogen to the external phase. The 
mechanism was based on the phase separation that some voids were 
																																								 																				
7	Nuclear Magnetic Resonance	
Chapter	1									Introduction	
	
	 21	
obtained within the developing polymer matrix and resulting in surface 
areas up to 700 m2/g [27, 29, 66-68]. A reduction in overall density was 
observed, for instance, polyHIPEs with densities as low as 0.0126 g/cm3 
have been synthesized through variations in the emulsifier type, the 
emulsifier content, and the porogen content [69]. 
The wall structure can be affected by porogens which can often resemble the 
assembly of particles rather than a smooth polymeric wall [67]. The possible 
reason for this kind of wall is related to the formation and the phase 
separation of porogen-swollen microgel particles during polymerization. 
This kind of “particle assembly” structure for polyHIPE is also seen for 
hydrophilic polyHIPEs synthesized from an aqueous solution of monomers. 
In this case, water acts as the swelling porogen [70]. 
Jerabek et al. [71] prepared a swollen polyHIPE and indicated that the 
porosity can be significantly greater than that of a dried polyHIPE. The 
extremely high surface areas (up to 1200 m2/g) in polyHIPE were generated 
by internal and external electrophiles under catalysis of a Lewis acid leading 
to hyper-crosslinked polymers [72]. 
1.2.2.3 Mechanical Stability 
Many groups have tried to improve the relatively poor mechanical 
properties of polyHIPEs, specifically the modulus and the toughness, which 
range with Young’s modulus between 3-6 MPa, to enhance their suitability 
for particular applications. With increasing the density by increasing the 
volume fraction of monomer will yield a significant increase in modulus. 
For example, relatively tough porous polymers were synthesized using 
relatively low internal phase contents of around 60% with densities around 
0.4 g/cm3 [37].  
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Different initiators can change the mechanical stability. Williams et. al. [64] 
showed that polystyrene-based polyHIPEs initiated using KPS 8  in the 
internal aqueous phase had a higher modulus than identical formulations 
initiated using AIBN9 in the external organic phase. It was found that by 
changing the locus of initiation, both macromolecular and porous structures 
will be affected and eventually the modulus will be changed [63, 73, 74]. 
There are a large number of polyHIPE-based systems in which the synthesis 
of interpenetrating polymer networks [75], organic–inorganic hybrids [76, 
77], ring opening metathesis polymerization [78, 79] and nanocomposites 
[80-85] have been used to enhance polyHIPE mechanical properties. A great 
mechanical stability of polyHIPEs was obtained when the ring opening 
metathesis is utilized for preparation of the polymer. While using a 
surfactant for stabilizing the emulsion often producing a brittle material, the 
obtained polyHIPE material of poly(dicyclopentadiene) (pDCPD) with 80% 
porosity demonstrate very good mechanical properties [78]. Within the same 
group, the ring opening metathesis polymerization was utilized for 
preparation of polyMIPEs (medium internal phase emulsions) and HIPEs 
with different internal phase fractions ranging from 50 to 80 v% [79]. These 
obtained materials show open porous architectures. After the oxidation step, 
the E-moduli of polyHIPE is the highest Young’s modulus reported so far in 
the literature. 
For improving the mechanical stability of polyHIPE, reversible addition 
fragmentation chain transfer (RAFT) technology was used to synthesize 
polyHIPEs based upon polystyrene (PSt) [86]. While the RAFT-synthesized 
polyHIPEs from practically identical HIPEs exhibited similar porous 
microstructures, the modulus and crush strengths of the polyHIPEs 
																																								 																				
8	Potassium persulfate	
9	2,2′-Azobis(2-methylpropionitrile)	
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synthesized under RAFT control were 3-fold those of the conventional 
polyHIPEs.  
The same research group reported the use of a w/o miniemulsion template 
method with internal phase contents down to 40% was used for the RAFT 
synthesis of porous PSt-based monoliths with highly interconnected porous 
structures (voids around 300 nm and windows of around 100 nm) [87]. The 
miniemulsion-template material produced an increase of around 40-fold in 
modulus and in crush strength as well as reducing the porosity from 80% in 
a conventional polyHIPE to 47% in a RAFT synthesized polyHIPE. The 
RAFT technology is discussed in more detail in the following section. 
1.2.2.4 Hydrophilic polyHIPEs 
A water-in-oil high internal phase are normally classified as “Normal” HIPE 
and oil-in-water are considered as “Inverse” HIPE [88]. There are several 
reports on the preparation of hydrophilic polyHIPE foams using o/w 
template and related chemistries are well researched, including acrylic acid 
(AA) [89], cross-linked polyacrylamide [90-95], cross-linked PHEA10 and 
PHMA11 [90], polysaccharide [96], 2-hydroxyethyl methacrylate (HEMA) 
[70, 97] or N -isopropyl acrylamide (NIPAM) [98, 99]. However, the 
hydrophilic polyHIPE can be obtained by sulfonation of the corresponding 
hydrophobic materials or by the production of highly porous polymers with 
ionic or polar groups [100]. 
The relatively poor mechanical stability of oil-in-water polyHIPE as well as 
relatively limited synthesis windows for many systems generally produces 
hydrophilic polyHIPEs with low porosities. To overcome these problems, in 
2010 Silverstein et al. synthesized a hydrophobic t-butyl acrylate-based 
																																								 																				
10	Poly(hydroxylethyl acrylate)	
11	poly(hydroxyethyl methacrylates)	
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polyHIPE and then hydrolyzed the t-butyl groups to carboxylic acid, 
transforming it into a relatively hydrophilic PAA like polyHIPE [101]. 
1.2.2.5 Application of PolyHIPE in separation science 
PolyHIPEs have high porosities and because of this high interconnectivity, 
[28, 61, 102] they are permeable to gases and wetting liquids [103]. Studies 
have demonstrated their great potential as separation media [104, 105]. 
While the monolithic polyHIPEs have found application as media for cell 
growth [106] and as solid supports for catalysis and solid phase synthesis 
[107], there are few reports using them for analytical chromatography with 
moderate performance demonstrated in capillary electrochromatography 
(CEC) mode and high performance liquid chromatography (HPLC) mainly 
related to  the separations of proteins and other biological molecules [108].  
This is largely due to problems in dealing with shrinkage from the column 
wall in analytical columns as well as low specific surface area and low 
mechanical strength. 
In 2009, for HPLC application, fairly rigid PGMA-based polyHIPEs were 
synthesized by adding w/o HIPEs (80% internal phase) to a stainless steel 
HPLC column using a polymeric surfactant (Pluronic® F127) as stabilizer 
[43]. The epoxy groups were converted to weak anion-exchange 
functionalities. Fairly good separation of a protein mixture containing 
lysozyme, bovine serum albumin, ovalbumin and pepsin was observed. 
Almost baseline separation was completed in about 1 min at 6 ml/min. In 
contrast with conventional organic based monoliths, separation by these 
supports was not comparable and the pore size distribution curves for these 
supports were broader. 
The absorption of metal ions (Ag, Cu, Cr) was investigated by PGMA-based 
polyHIPEs from w/o HIPEs (85% internal phase) functionalized with 
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various amines [109]. The most efficient absorption was observed for silver. 
The authors of this work concluded that 2-phenylimidazole proved most 
effective amine for separation of these ions. 
Tunc et al. prepared a poly (isodecylacrylate-co-divinyl benzene)HIPE 
monolithic column used for the separation of alkylbenzenes and a good 
resolution  demonstrated in CEC mode [110]. In this work, they prepared 
polyHIPE monolithic columns by the in situ polymerization of 
isodecylacrylate (IDA) and divinylbenzene (DVB) in the continuous phase 
of a HIPE. With different initiator concentration, different size spherical 
voids of polyHIPE were obtained and the columns were successfully used 
for the separation of alkyl benzenes. 
1.3 Synthesis of amphiphilic polymer by reversible addition 
fragmentation chain transfer (RAFT) 
Reversible deactivation radical polymerization (RDRP) is among the most 
rapidly developing areas of chemistry, with the number of publications 
approximately doubling each year. Reversible addition-fragmentation chain 
transfer (RAFT) mediated polymerization is one of a number of RDRP that 
was developed over the last two decades [111-117]. The first RAFT 
polymerization using thiocarbonylthio compounds was reported by the 
Commonwealth Scientific and Industrial Research Organization (CSIRO) in 
1998 [118]. RAFT is now a well-established technique for living free-
radical polymerization. 
This type of polymerization can be stopped and restarted at anytime. In 
other words, these polymerizations stop only when there is no more 
monomer. The polymerization can continue upon the addition of more 
monomer, enabling block copolymers to be prepared in a straightforward 
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manner. This pioneering technology enables the synthesis of tailored 
polymers with unprecedented control over composition and architecture. 
The RAFT mechanism and the appropriate RAFT agent structures have 
been recently detailed in a number of review articles [111-113, 119, 120]. 
Briefly, during a RAFT process, the oligomeric radicals formed at the 
initiation stage of polymerization add to the highly reactive C=S bond of the 
RAFT agents (Figure 1.3). 
 
Figure 1.3. Overall RAFT process. The RAFT mechanism. Initiation, 
propagation, and equlibria providing chain transfer. I: initiator 
fragment; M: monomer; P: polymer chains. The top schematics show 
the overall reaction providing polymers with defined R and dithioester 
Z end groups. 
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Fragmentation of these radical intermediates results in the formation of 
oligomeric RAFT agents and R group radicals. The R group should be both 
a good homolytic leaving group and be able to initiate the growth of 
polymer chains. The growing polymeric radicals add to the polymeric 
RAFT agents forming stabilized radical intermediates, following by the 
fragmentation to the polymeric RAFT agents and polymeric radicals. At the 
end of polymerization, dormant polymeric RAFT agents together with 
terminated polymeric radicals are obtained. 
Propagation occurs with the polymeric radical, whose “active” lifetime is 
comparable to or shorter than the time it takes to add one monomer unit. 
This time is very brief compared to the time that the chains reside in their 
dormant state, i.e. the time they spend as non-propagating S=C(Z)SPn 
entities.  
The RAFT technology allows control of chain length, the molecular weight 
distribution and its polydispersity, chain architecture (e.g. a gradient 
monomer sequence) and topology. Numerous novel polymer molecules and 
structures have been produced [121-125]. 
1.3.1 Synthesis of block copolymers using RAFT polymerization 
Amphiphilic block copolymers consist of connected polymeric sequences 
that differ in nature: A hydrophobic block that is insoluble in aqueous phase 
and a water-soluble hydrophilic block which hydrophobic block covalently 
attached to a hydrophilic segment. Amphiphilic copolymers behave 
similarly to low-molecular-weight surfactants; however, polymeric 
surfactants have much lower diffusion coefficients and critical micelle 
concentrations than “classic” surfactants in general. The synthesis of 
different kind of polymeric surfactants as well as properties and applications 
of them has been recently described in great detail elsewhere [126]. 
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The use of amphiphilic block copolymers dramatically enhanced the 
solubilization capacity of medium-chain surfactants. These polymeric 
surfactants successfully employed in variety of applications, such as 
emulsifiers, dispersion stabilizers, and wetting agents. A low molecular 
weight dispersity is considered as an essential factor for enhancing the 
performance [127]. The RAFT technology is one of the most extensively 
studied controlled radical polymerization methods that has been used to 
prepare well-defined polymeric materials such as well-defined block 
copolymers [128-130]. Control over the length of each block is possible 
[131], and this provides an additional control over the behavior of the 
macro-RAFT agent (Figure 1.4). A comprehensive tutorial review about 
using RAFT agent for preparation of block copolymers has been published 
by Keddie [132]. 
 
Figure 1.4. Schematic representation of the RAFT polymerization 
approach towards copolymerization of a hydrophilic and a 
hydrophobic monomer.  
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Recently, a new one-pot polymerization method (shown in Figure 1.5) has 
been developed for the preparation of (quasi) block copolymers via RAFT 
polymerization. This approach has been utilized to achieve the synthesis of 
block-like copolymers using sequential monomer addition with view to 
industrial application. The conversion of monomer in the first step is lower 
than 100% prior to a second monomer being incorporated without 
purification of the macro-RAFT agent.  
	
Figure 1.5. Overall synthesis of quasi-block copolymers (reprinted 
with permission from Ref [132]) 
This protocol was successfully utilized for the preparation of polymer 
materials in organic solution, sequential aqueous solution/emulsion as well 
as in supercritical carbon dioxide [133-135]. Generally, it is assumed that 
the residual monomers from the initial polymerization are consumed in the 
second step of quasi-block synthesis. This incorporation may alter the 
properties of the obtained block-copolymer, particularly for polymeric 
surfactants [126].  
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2. Preparation of inverse polymerized high 
internal phase emulsions using an amphiphilic 
macro-RAFT agent as sole stabilizer1 
 
2.1 Introduction 
High internal phase emulsions (HIPEs) are concentrated mixtures of 
droplets dispersed in another liquid, where the minimum droplet volume 
fraction is 74 vol%. HIPEs are commonly stabilized by commercially 
available, non-ionic small molecular surfactants, where these amphiphiles 
decrease the interfacial tension between the two phases (typically an oil 
phase and aqueous phase), allowing for emulsification [1, 2]. To prepare a 
stable HIPE, the surfactant must rapidly adsorb at the interface and lower 
the interfacial tension between the phases to form a rigid interfacial film [3]. 
Commercially available emulsifiers that can stabilize particular HIPEs [4] 
include Triton X-405 [5],  Span 80 (Sorbitan monooleate) [6] or a mixture 
of nonionic, anionic, and cationic surfactants: Span 20 (Sorbitan 
monolaureate), DDBSS (Dodecyl benzenesulfonic acid sodium salt), and 
CTAB (Cetyltrimethylammonium bromide) [7, 8]. Amongst these, Span 80 
is the most commonly used emulsifier for water-in-oil (w/o) HIPE 
stabilization [4]. As alternative to surfactants of low molar mass HIPEs can 
also be stabilized by amphiphilic block copolymers with a hydrophilic and 
hydrophobic segment, otherwise known as polymeric surfactants [9], as well 
as  solid particles the latter referred to as Pickering emulsifiers [10-13]. 
Polymeric surfactants are an attractive alternative to traditional surfactants 
as they offer a wide variety in chemical composition and molecular 
																																								 																				
1	A shorter version of this section has been previously published in peer reviewed journal:  
Polymer Chemistry. 2016  7(9): p. 1803-1812.	
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architecture [14]. However, commercially available polymeric surfactants 
that have been used in HIPE stabilization are limited to polyethylene oxide 
(PEO)-based copolymers, including Hypermers®, Pluronics® and 
Synperonics® [15, 16]. Although widely used to stabilize HIPEs, the 
stabilization of a particular system requires careful selection of surfactant or 
mixtures of emulsifiers in order to obtain the required hydrophobic-
hydrophilic balance (HLB) to warrant HIPE stability. 
When the continuous phase is solidified through polymerization, a cellular 
monolithic structure commonly with interconnected voids and hence open 
cellular network, is produced, which is referred to as a poly(HIPE) [6, 17-
21]. The cell walls of the porous poly(HIPE) are functionalized by the 
surfactants used, either through physi- or chemisorption. The ability to tailor 
the functionalization of the relatively large inner total surface area of 
interconnected voids by use of specific emulsifiers allows for poly(HIPE) 
design of interest for a range of applications, one being separation science. 
Availability of block copolymers with a specific HLB value and chemical 
functionality has become straightforward with the development of 
reversible-deactivation radical polymerization techniques. Among them, the 
reversible addition–fragmentation chain transfer (RAFT) process is 
particularly attractive due to its compatibility with a vast array of monomers 
and mild reaction conditions [22, 23]. Through the use of RAFT it is now 
possible to synthesize a wide variety of macromolecules using non-
specialized equipment, allowing for the synthesis of well-defined 
(co)polymers with narrow molecular weight distributions and controlled 
architecture [24, 25]. The RAFT process allows the synthesis of amphiphilic 
block polymers required for the fabrication of HIPEs, with the most 
common method being sequential polymerization of two monomers of 
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opposing lyophilicity (e.g. a hydrophilic monomer and then a hydrophobic 
monomer) [26, 27]. 
Currently, the most explored methods to functionalize polyHIPEs include 
the incorporation of a co-monomer with the desired functionality, or via a 
post-polymerization functionalization approach [28]. Although 
functionalization via post-polymerization allows for greater control over the 
morphology and void diameter of the polyHIPE, this process includes an 
additional step. Battaglia et al. have recently introduced a slightly different 
method in which commercially available amphiphilic block copolymers 
(polystyrene-b- poly(ethylene oxide) (PS−PEO), poly(1,4-butadiene)-b-
poly-(ethylene oxide) (PBD−PEO), poly(1,4-butadiene)-b-poly-(acrylic acid) 
(PBD−PAA), and polystyrene-b-poly(acrylic acid) (PS−PAA)) were 
employed as the macromolecular surfactants for water-in-oil emulsions to 
produce polystyrene/divinylbenzene foams [29]. The presence of the 
hydrophilic block of the block copolymer on the void surfaces of styrene-
divinylbenzene polyHIPEs was demonstrated. 
Following on from this work, Gao et al. introduced a well-defined 
amphipathic macro-RAFT agent (denoted poly(Styrenem-b-AAn)) that was 
able to stabilize a w/o HIPE and prepare Sty-co-DVB polyHIPEs possessing 
closed voids [30]. In that work the morphology of the obtained polyHIPEs 
were tailored by means of controlling emulsion parameters such as the 
initiator and aqueous phase volume fraction, however varying the 
composition of the diblock copolymer was not used to explore possible 
polyHIPE morphologies. This concept was explored by Debuigne et al. by 
using a series of well-defined amphiphilic poly(ethylene oxide)-b-
poly(styrene) (PEO-b-PSt) as polymeric surfactants to stabilize water-in-oil 
(w/o) HIPEs [31]. They identified important parameters such as the length 
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of hydrophilic block for the preparation of Sty-co-DVB polyHIPEs where 
the surface is coated by a polymeric surfactant. 
In this chapter, the preparation of an inverse, oil-in-water (o/w) HIPE, 
(comprising 80 vol% dispersed phase) are explored. The system is stabilized 
by an amphiphilic macro-RAFT agent (as a quasi (block-like) copolymer 
poly(butyl acrylate)-qb-poly(acrylic acid)). The effect of amphiphilic 
macro-RAFT agent concentration, pH, initiators (both water soluble and oil 
soluble, in addition to redox initiation), hexadecane (as a hydrophobic 
organic modifier to prevent Ostwald ripening) and the polymerization 
temperature on the morphology of the resulting materials was investigated. 
Furthermore, the composition of the polymeric stabilizer (the ratio of 
hydrophilic to hydrophobic units) was varied with an aim to prepare highly 
interconnected, hydrophilic polyHIPEs. Ultimately, these materials have 
potential applications for use as a stationary phase in flow through 
applications e.g. for extraction or as the stationary phase in separation 
science. 
2.2 Experimental Section 
2.2.1 Materials 
Acrylic acid (AA, Merck, ≥99%) was purified by distillation under reduced 
pressure. n-Butyl acrylate (BA, Sigma-Aldrich, 99%) was passed through a 
column of Al2O3 to remove the inhibitor. The RAFT agent, 2-
[[(butylsulfanyl)-carbonothioyl]sulfanyl] propanoic acid (PABTC), was 
synthesized as described in Ref. [32]. 
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Acrylamide (AM, Sigma-Aldrich, ≥98%), N,N'-methylenebisacrylamide 
(MBAM, Sigma-Aldrich, ≥99.5%)), methanol (Fluka), basic alumina (Al2O3, 
Brockman activity I, 60-325 mesh), hexadecane (Sigma-Aldrich), 
N,N,N',N'- tetramethylethylendiamine (TEMED, Sigma-Aldrich, 99%), 
sodium hydroxide (Sigma-Aldrich, ≥98.0%) and ammonium persulfate 
(APS, Ajax Chemicals, ≥98.0%), were all used as received. Toluene was 
obtained from Chem-Supply (Gillman, SA, AUS). 2, 2′-
azobis(isobutyronitrile) (AIBN, MP Biomedicals, Eschwege, Germany) and 
potassium persulfate (KPS, M&B, 98%) were recrystallized from methanol 
and water, respectively. 
 
2.2.2 Synthesis of amphiphilic polymeric surfactant by RAFT 
polymerization 
A series of amphiphilic macro-RAFT agents consisting of AA and BA were 
synthesised as reported in the literature [33]. The Z group of the RAFT 
agent (PABTC) is an n-butyl group and the R group is 2-propionic acid, as 
shown in Figure 2.1. AA was chosen for its high solubility in basic water, 
aiding dissolution of the macro-RAFT agent in the aqueous continuous 
phase. 
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Figure 2.1. Schematic representation of the RAFT polymerization 
approach towards (quasi)-copolymerization of Acrylic acid (AA) and 
Butyl acrylate (BA) using 2-[[(butylsulfanyl)-carbonothioyl]sulfanyl] 
propanoic acid (PABTC) at 60 °C. 
A typical polymerization protocol (one-pot, two-step polymerization) used 
in this work is summarized: In a first step, 1 g (4.2×10-3 mol) of PABTC and 
0.068 g (4.0×10-4 mol) of AIBN were introduced into a round-bottom flask 
which was then sealed with a rubber septum, and purged with argon for 10 
min. Then in a second step 1.51 g (2.1×10-2 mol) of AA was dissolved in 30 
mL of dioxane and the solution was added to the round-bottom flask. This 
was purged with argon for 10 min. The reaction was allowed to proceed at 
60 °C for 4 h under constant stirring. At this time, the reaction was stopped 
by removing the flask from the oil bath and a small aliquot of the solution 
was taken for electrospray ionization mass spectroscopy (ESI-MS) studies 
to determine the molecular weight of the AA single block. 
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For the polymerization of the hydrophobic block, BA was added to the 
round bottom flask at a molar ratio (relative to the initial chain transfer 
agent concentration) equal to the desired number of monomer units per 
macro-RAFT agent. The mixture was purged with argon for 10 min and 
further polymerization for 8 h at 60°C was performed.  At this time, a small 
aliquot of the solution was removed for size exclusion chromatography 
(SEC) and 1H NMR analysis, the results of which are summarized in Table 
2.1. Dioxane was removed through rotary evaporation under reduced 
pressure. The polymer was then stored at 4 °C until use. 
Table 2.1. Macro-RAFT agents synthesized in this study 
(AA)x-qb-(BA)y X  
(feed) 
Y 
(feed) 
BA/RAFTa 
(NMR) 
Mn,SEC b  
(g mol-1) 
Đ 
Qb-1 5 20 19.5 3100 1.05 
Qb-2 20 5 - 2200 1.15 
Qb-3 5 10 12.8 1900 1.07 
Qb-4 5 5 5.2 750 1.19 
Qb-5 10 20 20.5 3700 1.05 
aNumber of units of BA were determined by 1H NMR using the signal of RAFT end group 
around 3.4 ppm respect to signal of methylene group of BA around 4.1 ppm. bMolecular 
weight and polydispersity determined by SEC analysis (THF used as eluent). Calculated 
according to PS standards. 
2.2.3 Synthesis of hydrophilic ‘inverse’ polyHIPEs 
The prepared amphiphilic macro-RAFT agents were used as stabilizer for 
the preparation of acrylamide-based polyHIPEs. In a typical procedure, the 
macro-RAFT agent was dissolved in 4 mL of water containing NaOH, 
acrylamide (AM, 1.420 g, 1.99×10-2 mol), the crosslinker N,N'-
methylenebisacrylamide (MBAM, 0.309g, 2.00×10-3 mol) and the radical 
initiator KPS (0.04 g, 1.47×10-4 mol). In order to provide a suitable pH 
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environment to ensure the solubility of the macro-RAFT agent, differing 
amount of NaOH were required depending on the intended concentration of 
the macro-RAFT agent used. Using a syringe pump, the dispersed phase 
(toluene, 16 mL) was then added drop-wise at a rate of 0.8 ml per min with 
constant stirring (magnetic stirrer) at 1000 rpm. The temperature of the 
emulsion has already been found to influence droplet coalescence and the 
size of primary voids [34]. Because of this, the flask containing the 
continuous phase was kept at 30 °C by using a water bath for all emulsions 
during their preparation. 
The emulsion was stirred for an additional 20 min after complete addition of 
the internal toluene phase. The emulsion was transferred to a glass vial and 
then cured at 60 °C in a water bath for 24 h. A small aliquot of all emulsions 
were kept in closed vials in the dark at room temperature, in order to 
determine emulsion stability. In order to study the droplet size of the 
emulsion, small samples of the HIPEs were withdrawn with a Pasteur 
pipette, then deposited directly on a clean microscope glass slide and 
analyzed. The resultant polyHIPE was purified via Soxhlet extraction with 
acetone for 72 hours as well as 72 hours with water. The experimental 
conditions used for the preparation of the different polyHIPEs can be found 
in Table 2.2. 
2.2.4 Characterization 
NMR analyses were performed on either a 400 MHz or 600 MHz Bruker 
Ultra Shield Avance Spectrometer. For all NMR analyses deuterated 
solvents were used as stated.  Size exclusion chromatography (SEC) was 
performed with a Wisco-tech instrument using a refractive index detector 
(RID) and two chromatography columns (two PSS S linear 3µm, Polymer 
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Standard Services GmbH, PSS), THF (HPLC grade) was used as an eluent 
at a flow rate of 0.5 mL/min. The column oven was kept at 40 °C. The 
calculated molecular weights were based on calibration with respect to 
polystyrene (PS) standards of narrow dispersity with a molecular weight 
range of 160–154000 g mol-1 (PSS-Polymer Laboratories). The injection 
volume was 0.1 mL. Electrospray Mass Spectrometer Analysis was carried 
out using a ThermoFinnegan LTQ Orbitrap detector with Finnigan LCQ 
Data Processing and Instrument Control Software.  
Emulsion droplets were observed using an optical microscope Nikon (model 
Eclipse E200), equipped with a camera (Tucsen, model IS500). Images of 
the emulsions were analyzed by ImageJ (NIH image) and the mean droplet 
size (n=100) and droplet size distribution were evaluated by triplicate. 
PolyHIPEs were characterized by field emission gun scanning electron 
microscopy (FE-SEM) studies using a Hitachi SU-70 FESEM in the Central 
Science Laboratory, University of Tasmania. All samples were platinum 
coated for 15 s in an argon atmosphere (Emitech 550, Emitech Ltd., UK), 
except where samples scanning electron microscopy coupled with energy 
dispersive X-ray (SEM-EDX) analysis were prepared and the materials were 
sputter-coated with carbon (Ladd 40000 carbon evaporator). 
The calculation of the average void and window diameter (if windows were 
present) was performed on sets of at least 100 voids and 100 windows, 
respectively, using the image analysis software ImageJ (NIH image). A 
statistical correction was employed to obtain more accurate value, as each 
value was multiplied by 2/(31/2) as described by Carnachan et al.[34].  
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The sulfur content of the polyHIPEs was determined with a Thermo 
Finnigan EA 1112 Series Flash Elemental Analyser. FTIR spectra were 
recorded by a Bruker Vertex 70 infrared spectrometer equipped with an 
ATR probe. Raman spectra of samples were recorded in the frequency range 
of 350 to 5000 cm-1 using a Renishaw inVia Raman microscope with 
Streamline. Solid samples were pressed gently using a spatula before being 
placed on the sample holder. A CCD line detector in the exit focal plane of 
the monochromator was used for recording the spectra. The laser source was 
a Nd:YAG laser. The Brunauer–Emmett–Teller (BET) surface area and 
microporosity were assessed using a Tristar II analyzer for the nitrogen 
adsorption/desorption isotherm at 77 K (Particle and Surface Science, 
Gosford, AUS). A Metertech SP-8001 UV/Vis spectrophotometer was used 
to evaluate the concentration of macro-RAFT agent removed from the 
polyHIPEs after the soxhlet extraction with acetone. 
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able 2.2.  C
onditions used for the preparation of hydrophilic polyH
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2.3 Results and Discussion 
2.3.1 Synthesis of amphiphilic quasiblock macro-RAFT agent 
RAFT is a simple and effective polymerization technique, which yields 
well-controlled polymers exhibiting an almost infinite range of 
functionalities [35, 36]. The macro-RAFT agent can be modified through 
alterations to the length of both blocks. The AA block is pH-sensitive; the 
BA block is hydrophobic and hence the polymer is amphiphilic in nature. 
Alterations in the length of each block provide additional control over the 
behaviour of the macro-RAFT agent. The high propagation rate coefficient 
of both BA and AA together with their high efficiency in one-pot RAFT 
polymerization means that specific amphiphilic block co-polymers to be 
used as stabilizers can be prepared in a simple fashion. 
This one-pot polymerization technique has been utilized to achieve the 
synthesis of quasi (block-like) copolymers using sequential monomer 
addition [37, 38]. This approach yields quasi-block copolymers (Qb) when 
the conversion of monomer in the first step (e.g. acrylic acid) is lower than 
100% prior to a second monomer being incorporated [39]. The NMR 
spectrum of the macro-RAFT-AA5 revealed the presence of unreacted AA 
after the first polymerization step, suggesting the formation of quasi-
copolymers after the polymerization reaction of the second block of BA, 
during which time residual AA monomer can be consumed (See Table 2.1). 
The molecular weight of the macro-RAFT-AA5 was estimated by 
electrospray ionization mass spectrometry (ESI-MS). Figure 2.2 shows a 
typical mass spectrum for the PABTC-mediated polymerization of acrylic 
acid targeting a degree of polymerization of 5 (RAFT-AA5). The spectrum 
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indicates a distribution of AA oligomers containing a different number of 
repeat units of AA (from 2 up to 8), which were chain extended in the 
second step polymerization of BA. For every macro-RAFT-AA5 polymer 
analyzed the raw ESI-MS spectrum was qualitatively similar to that in 
Figure 2.2. 
 
Figure 2.2.  Mass spectrum of RAFT-AA 5 obtained by ESI-MS. 
The number of BA units in each quasi-copolymer was estimated by 
comparing the 1H NMR integral of the S-CH2- group of PABTC at 3.4 ppm 
and the –O-CH2- groups of the n-butyl group of each BA repeat unit at ~4.1 
ppm (see Figure 2.3A). As reported in Table 2.1, there was a good 
agreement between the targeted units of the BA and the actual number of 
units of BA in the prepared quasi-copolymers. This indicates the controlled 
character of the polymerization process when using PABTC as RAFT agent 
for the polymerization of BA. SEC analyses of the three different macro-
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RAFT agents showed copolymers were prepared under RAFT control (Đ < 
1.2) as well as the elution at longer retention times of copolymers containing 
a lower amount of BA units (see Figure 2.3B). 
 
Figure 2.3. 1H-NMR spectra (CDCl3, 600 MHz)  (A) and SEC (B) of 
RAFT-BA20-AA5 (green), RAFT-BA10-AA5 (red), RAFT-BA5-AA5 
(blue) quasi-block copolymers. 
2.3.2 Stability of oil-in-water HIPEs using quasi-block 
copolymers as surfactants 
At basic pH, the poly(AA-qb-BA) quasiblock copolymers prepared here are 
anionic polyelectrolytes and can exhibit properties similar to an anionic 
surfactant, while still bearing the reactive trithiocarbonate terminal group.  
In order to establish the possibility of stabilizing HIPEs with these polymers, 
macro-RAFT agent-Qb1 (see Table 2.2) was chosen as a starting point to 
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examine its potential for the stabilization of toluene-in-water emulsions, 
with Acrylamide (AM), N,N'-methylenebisacrylamide (MBAM) and NaOH 
present in the water phase. 3.5% wt of the macro-RAFT agent with respect 
to the aqueous phase resulted in the successful stabilization of HIPEs with 
oil volume fractions between 60 and 90%. The emulsion droplets were 
spherical but polydisperse (See Figure 2.4). 
 
Figure 2.4. Optical microscopy and photographs of HIPEs stabilized 
by different amount of macro-RAFT agent-Qb1; after preparation (0 
hours, left column) and after 24 hours (right column). The scale bar in 
all cases is 40 µm. 
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The drop test method was used to determine that the prepared HIPE was an 
inverse (o/w type) system [40, 41] (see Figure 2.5).  
 
Figure 2.5. The emulsion type was determined by the drop test 
method. One drop of the formed HIPE with macro-RAFT agent-Qb1 
was placed into (A) water and (B) toluene. The emulsion droplet was 
seen to disperse in the water but remained as a droplet in toluene. 
The Hydrophile-Lipophile Balance (HLB) is obtained using the Griffin’s 
method (eq 2.1), from the molecular weight ratio of the hydrophilic block 
(Mh) and the total molecular weight (M): 
HLB = 20 × Mh/M      (2.1) 
The HLB values for all macro-RAFT agents are summarized in Table 2.3. 
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Table 2.3. HLB values of macro-RAFT agents synthesized in this study 
(AA)x-qb-(BA)y X  
(feed) 
Y 
(feed) 
HLB 
a Theoretical  b Obtained 
HLB value a Qb-1 5 20 2.7 2.7 
Qb-2 20 5 13.0 - 
Qb-3 5 10 4.6 3.9 
Qb-4 5 5 6.9 6.8 
Qb-5 10 20 4.5 4.4 
a Theoretical HLB number is determined by the Griffin’s rule: HLB = 20×Mh hydrophilic 
part/Mw (hydrophilic part + hydrophobic part), where Mh is the molecular weight of the 
hydrophilic block and Mw is the molecular weight of the surfactant. It is calculated based 
on the feed units, assuming complete conversion of polymerization. b Obtained HLB 
number is calculated based on the number of BA units calculated by 1HNMR. In the case of 
inverse HIPE (oil in water), the HLB value is normally in the range of 10-16. 
Additionally, the macro-RAFT agent-Qb2 was designed for use based on its 
HLB value, which is suitable for the stabilization of o/w emulsions [42]. 
However, no amount of this polymer and/or varying the internal phase 
volume resulted in sufficiently stable emulsions for curing. Similarly, an 
(AA)5 macro-RAFT agent (no BA units) was unable to stabilize any 
emulsion under these conditions. 
Optical microscopy was used to examine the synthesized HIPEs 
immediately after preparation as well as 24 hours post-synthesis, in order to 
examine emulsion stability. Optical micrographs and photos of the resultant 
emulsions under various conditions of macro-RAFT loading (in this 
instance Qb1) are shown in Figure 2.4. The mean emulsion droplet 
diameter slightly increased with increasing amounts of macro-RAFT agent, 
reaching a maximum of ~87 µm when the macro-RAFT agent concentration 
was ~ 10.5% wt (w.r.t. the continuous phase). At higher levels (> 14% wt) 
the mean droplet diameter decreased to ~60 µm.  Further increases to the 
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amount of macro-RAFT did not result in any further reduction in the droplet 
size. 
Given the solubility of pAA in water is reduced at low pH, it was expected 
that the HIPE would be relatively unstable under acidic conditions. This was 
demonstrated by the addition of a few drops of concentrated HCl to a 
prepared emulsion (HIPE formulation A2), whereby phase separation 
immediately occurred (see Figure 2.6). 
 
Figure 2.6.  Triggered demulsification by addition of acid (emulsion 
formed with macro-RAFT agent-Qb1): A) Control HIPE, B) After 
addition of acid. 
Additionally HIPE stability was investigated under basic conditions (pH > 9) 
using HIPE formulation A2. In order to do this, we added further NaOH to 
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the aqueous phase of HIPE A2 formulation (the pH of this solution was 12.5) 
prior to mixing and emulsification with toluene. After 1 hour, the emulsion 
had separated into three phases; a clear liquid as top layer, a middle layer 
similar to the freshly prepared emulsion, and a yellow oil at the bottom of 
the vial (Figure 2.7). 
 
Figure 2.7.  Effect of basic conditions on the HIPE stability within 24 
h, HIPE formulation A2 (emulsion formed with macro-RAFT agent-
Qb1). For the polyHIPE obtained by this formulation (KPS, 60 °C, 24 
hours) a layer of tough yellow polymer was found at the bottom of the 
vial. 
The oily yellow layer was transformed into a tough polymeric mass after 
polymerization of the HIPE (60 °C for 24 hours), suggesting that the macro-
RAFT agent is not an efficient emulsifier at high pH (Figure 2.7). This 
result may be attributed to the increased ionic strength of the system at a 
more basic pH, reducing the stability of the inverse HIPE. 
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For further study, the macro-RAFT agent-Qb1 was investigated by NMR 
under basic conditions and at different temperatures, by measuring the NMR 
spectra of the copolymer as a function of time potential changes in NMR 
spectra were recorded. As shown in Figure 2.8 no major changes in NMR 
spectra occurred upon increasing temperature up to 60 °C. Hence, sodium 
hydroxide was added to the aqueous phase for all samples in order to ensure 
the pH was between 7 and 8. 
 
Figure 2.8. 1H-NMR spectra (D2O, 400 MHz) of RAFT-BA20-AA5 
(0.2 g in 1 ml D2O in presence of 0.01g of NaOH and 0.01 g Trioxane 
(as internal standard)) at 25, 30, 40, 50 and 60 °C. 
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2.3.3 Synthesis of hydrophilic polyHIPEs 
The o/w emulsions discussed in the previous section were polymerized in 
order to obtain porous polyHIPEs. A homogeneous and stable yellow 
polyHIPE A1 was obtained that retained the shape and volume of the mold 
(no apparent shrinkage was observed). The polymerized samples could be 
handled without breakage (Figure 2.9). 
 
Figure 2.9.  A yellow solid macroporous polyHIPE obtained by 
polymerized formulation of HIPE A1 (KPS, 60 °C, 24 hours, after 
preparation). 
Increasing the macro-RAFT agent-Qb1 concentration from 3.5% wt to 17% 
wt had a significant effect on the morphology of the resulting polyHIPEs 
(e.g. on the void size) as can be seen from the SEM images (Figure 2.10). 
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Figure 2.10. Scanning electron micrographs of emulsion templated 
macroporous polymer made by polymerization of HIPEs stabilized 
solely by different amount of macro-RAFT agent-Qb1 (w.r.t. the 
continuous phase) at 60 °C in presence of KPS as initiator. 
The prepared polyHIPEs retained their yellow colour after washing the 
samples with acetone using a Soxhlet apparatus and subsequent washing 
with water  (Figure 2.9), providing a visual cue regarding the incorporation 
of the macro-RAFT agent. Elemental analysis confirmed the presence of 
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sulfur amount within the polyHIPEs (e.g. the sulfur content within 
polyHIPE A3 was 0.41%). Further evidence for the presence of the macro-
RAFT agent on the surface of the polyHIPE was obtained from Energy 
Dispersive X-ray analysis (EDX), clearly indicating that sulfur was present 
at the surface of the polyHIPE A3 (Figure 2.11). 
 
Figure 2.11. EDX mapping analysis on polyHIPE A3; (A) SEM image 
and (B) Overall mapping elements on the same spot: corresponding to 
sulfur (C), carbon (D), oxygen (E), and nitrogen (F) mapping. Scale 
bar is 50 µm. 
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As KPS was used as initiator, the sulfur content is likely due in part to the 
presence of initiator-derived endgroups. To determine the amount of the 
RAFT-agent “trapped” inside the polyHIPE, the washes from the polyHIPE 
during purification were analyzed. The solvent washings (acetone) were 
yellow, suggesting the removal of some diblock-copolymer from the 
material, and these washings were analyzed by using UV-Vis spectroscopy 
[43]. It was determined that, in the case of polyHIPE A3, the amount of 
removed macro-RAFT agent- Qb1 is ~ 29-31% wt. 
To further investigate the inclusion of the macro-RAFT agent within the 
polyHIPE structure, FTIR analyses were performed on the resultant material, 
in comparison to a sample of AM-MBAM polymerized in bulk (KPS as 
initiator) subjected to the same washing protocol. The FTIR spectrum of 
PolyHIPE A3 shows the presence of an extra band at 1710 cm-1 respect to 
bulk polymer, which is present in the FTIR spectrum of the macro-RAFT 
agent (Figure 2.12). This signal corresponds to the carbonyl stretch of the 
carboxylic acid group of the AA block, and is a good evidence of the 
incorporation of the macro-RAFT agent into the polymer structure. 
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Figure 2.12. ATR-IR of macro-RAFT agent-Qb1 (red line), bulk 
polymer  (blue line) and polyHIPE A3 (black line). The peak around 
1650-1800 cm-1 is highlighted. 
Further spectroscopic analysis of prepared polyHIPES was performed via 
Raman spectroscopy at randomly selected regions across the polyHIPE 
surface. Peaks in the Raman spectrum of the macro-RAFT agent used to 
prepare polyHIPE A3 correlate with peaks observed in the spectrum 
obtained from subtracting the bulk poly(AM-co-MBAM) polymer from A3 
(see Figure 2.13A). In addition, the polyHIPE surface was mapped for the 
presence of the C=S peak at 1107 cm-1 (Figure 2. 13B). The map confirmed 
the presence of the C=S groups in the same physical location as the walls of 
the polyHIPE voids, which are solely due to the trithiocarbonate end group 
of the RAFT agent. 
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Figure 2.13.  (A) Raman spectra of macro-RAFT agent-Qb1 (Red 
line), difference between polyHIPE A3 and bulk polymer (Black line). 
(B) Raman mapping (upper) is based on the C=S peak at 1107 cm-1 of 
macro-RAFT agent-Qb1 on the surface of polyHIPE A3 by 
normalizing the peak intensity. Raman mapping (bottom) based on 
signal to baseline from 1383 to 1493 cm-1 at the same area (Dark blue 
regions in the lower image are void locations within the polyHIPE.) 
2.3.4 Effect of initiator 
Oil-soluble (AIBN) and water-soluble (APS) thermal initiators, as well as a 
redox initiation system (TEMED/ KPS) were also investigated for the 
preparation of polyHIPEs and their influence on the resultant morphology of 
the material. In all cases the macro-RAFT agent-Qb1 concentration was 
kept constant at 7% wt (w.r.t. the continuous phase). Stable emulsions were 
not obtained when APS was employed as the water-soluble initiator. Upon 
further investigation it was found that when APS was added to a pre-formed 
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emulsion, phase separation immediately occurred (Figure 2.14). This may 
have been due to changes of the pH of the HIPE. 
 
Figure 2.14.  Phase separation after addition of APS to the HIPE 
formulation A2 A) Control HIPE, B) After addition of APS (Image 
was taken at an interval of 2 min). 
When AIBN (dissolved in the toluene phase) was used, a predominately 
closed-structure polyHIPE was obtained (Figure 2.15 (sample A6)). It has 
been shown previously that the locus of initiation has a significant effect on 
porosity of the resultant polyHIPE [44]. In this case, more extensive droplet 
coalescence can occur as the polymerization is not “localized” at the oil–
water interface when the initiator is in the organic phase. Variation in the 
structure of a polymerized emulsion by changing initiators was also reported 
by Wu et al. for the preparation of poly(sty-co-DVB) by polymerization of  
medium internal phase emulsion templates [45]. They observed that 
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changing the initiator from water-soluble (KPS) to oil soluble (AIBN) 
resulted in materials with a more open structure; here we demonstrate the 
opposite trend in an inverse (o/w) system.  
 
Figure 2.15. SEM of polyHIPEs stabilized by 7% wt of macro-RAFT 
agent-Qb1, polymerized at 60 °C (A6- in presence of AIBN as 
initiator) and (A7- in presence of TEMED (a reducing agent) with 
KPS) at room temperature. 
In order to reduce droplet coalescence and Ostwald ripening, room-
temperature polymerization using a KPS/TEMED redox couple as initiator 
was performed. SEM analysis of the resulting polymer (sample A7) is 
shown in Figure 2.15, showing heterogeneity in the structure as well as the 
Chapter	2.	 Amphiphilic	macro-RAFT	agent	as	a	sole	emulsifier	
	
	 72	
formation of micron-sized particles within some voids. This could be 
explained considering the partition of monomer toward the oil phase and the 
formation of water in oil droplets within the HIPE [46]. It is believed that, 
as the polymerization begins at room temperature, the effect of destabilizing 
mechanisms such as coagulation and Ostwald ripening decreases, causing a 
more homogeneous structure within the obtained polyHIPE [47]. 
2.3.5 Effect of hexadecane as an organic modifier 
The preparation of a hydrophilic polyHIPE from an inverse HIPE typically 
requires careful emulsion stabilization and polymerization due to the 
possibility of Ostwald ripening [48]. Ostwald ripening in emulsions is a 
process of gradual growth of the larger droplets at the expense of smaller 
ones due to mass transport of soluble dispersed phase (oil) through the 
continuous phase (water) leading to emulsions containing droplets with 
different sizes [49]. In the case of o/w emulsions, the addition of a 
particularly hydrophobic oil such as hexadecane (HD) is known to help 
arrest ripening, due to reduced transport through the continuous phase [50]. 
In this work, HD was added the oil phase of our emulsions (5% wt w.r.t. 
continuous phase) followed by polymerization either with KPS (at 60 °C, 
sample A8) or KPS/TEMED (at room temperature, sample A9). When KPS 
was used as initiator, optical microscopy (Figure 2.16) and SEM analysis 
(Figure 2.17) demonstrated that the addition of HD resulted in emulsions 
with smaller droplet sizes that were stable over a longer period of time, 
resulting in a more regular porous structure (in comparison to Figure 2.10).  
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Figure 2.16.  Optical microscopy of HIPEs stabilized by macro-RAFT 
agent-Qb1 7 wt%. A) in the presence of 5 wt%  hexadecane (HD) B) 
Without adding hexadecane (HD). Scale bar is 50 µm. 
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Figure 2.17. SEM of PolyHIPEs stabilized by 7% wt of macro-RAFT 
agent-Qb1, polymerized in presence of 5% wt hexadecane as oil 
modifier (A8) polymerized at 60 °C with KPS (A9) polymerized at 
room temperature (TEMED/ KPS). 
When KPS/TEMED was used (A9), smaller voids were formed compared to 
A8, in addition to evidence of interconnectivity (windows) on the voids, 
which was not observed in polyHIPE A8. These two differences may result 
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from the polymerization temperature and the effect of that on the interfacial 
tension between oil droplet and aqueous phase. Increasing the HD loading 
to 20 wt % (polyHIPE A10, Figure 2.18) resulted in a polyHIPE with 
significant heterogeneity. 
 
Figure 2.18.  SEM of polyHIPE stabilized by 7 wt% of macro-RAFT 
agent-Qb1 in the presence of 20 wt % of hexadecane in the oil phase 
polymerized at room temperature (TEMED/KPS). 
2.3.6 Tuning the polyHIPE structure by means of the macro-
RAFT agent composition 
Finally, the effect of the diblock copolymer composition on the stability and 
nature of the resultant emulsion was considered. To establish the role of the 
hydrophobic BA block, macro-RAFT agents Qb3 and Qb4 were used (both 
consisting of 5 AA repeat units with differing BA lengths). The procedure 
for the preparation of HIPE A9 was chosen and all other variables were kept 
constant (the same mole equivalent of the diblocks were used in each case). 
HIPEs were successfully prepared (denoted HIPE B1 (using macro-RAFT 
agent-Qb3) and HIPE C1 (using macro-RAFT agent-Qb4)), with both 
showing increased stability in comparison to HIPE A9 of 48 hours storage 
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without phase separation (See Table 2.2). SEM images of the obtained 
polyHIPEs after polymerization are shown in Figure 2.19. In comparison to 
polyHIPE A9, both polyHIPEs B1 and B2 possess open porous networks 
with an increased number of windows. This increased level of 
interconnectivity was also demonstrated with an increase in BET specific 
surface area (2.17 m2 g-1 for B1, as opposed to 1.17 m2 g-1 for A9). These 
results suggest that macro-RAFT agents with a shorter hydrophobic block 
favour the formation of open network, interconnected inverse polyHIPEs in 
comparison to macro-RAFT agents with a longer hydrophobic block. It is 
believed that macro-RAFT agents with longer hydrophobic blocks are less 
labile during the HIPE preparation and stabilization, providing greater 
stabilization of the obtained polyHIPE, as reported previously [29]. 
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Figure 2.19. SEM of PolyHIPE stabilized by B1) macro-RAFT agent-
Qb3 4.1% wt, B2) macro-RAFT agent-Qb3 7% wt C1) macro-RAFT 
agent-Qb4 1.5% wt, in presence of 5% wt of hexadecane in oil phase 
and polymerized at room temperature (TEMED/KPS). 
The macro-RAFT agent-Qb5 was synthesized to investigate the influence of 
increasing the number of hydrophilic units (from 5 to 10 in comparison to 
Qb1) on the stability of the resultant HIPE, while keeping the hydrophobic 
block length constant. In this instance phase separation of the HIPE 
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occurred in less than 10 minutes. Rapid room temperature polymerization of 
this system (using the TEMED/KPS redox couple) resulted in a 
heterogeneous polyHIPE (D1, Figure 2.20) with extremely large voids. In 
conjunction with the influence of changing the BA block length, the 
resultant structure and connectivity of the formed polyHIPE is strongly 
dependent on the nature and composition of the diblock copolymer used as 
stabilizer. 
 
Figure 2.20.  SEM of PolyHIPE stabilized by macro-RAFT agent-
Qb5 7.8% wt, in presence of 5% wt of hexadecane in oil phase and 
polymerized at room temperature (TEMED/KPS). The amount of 
macro-RAFT agent for polyHIPEs B1, C1, and D1 are the same based 
on mole equivalent. 
2.4 Concluding remarks 
In this chapter, a strategy to produce functional polyHIPEs by introducing 
macro-RAFT agent as a surfactant was established. The results indicate that 
poly((AA)x-qb-(BA)y) can stabilize high internal phase o/w emulsions. By 
the polymerization of the continuous phase of these systems, highly porous 
emulsion templated materials were prepared. EDX with SEM revealed the 
presence of sulfur on the surface. FT-IR spectra for the polyHIPEs showed 
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new carboxyl groups within the polyHIPE which come from the macro-
RAFT agent. Raman mapping showed a significant proportion of the C=S 
functionality on the void structure of the polyHIPE. This is consistent with 
the presence of the RAFT moiety on the surface. The successful preparation 
highlights the ability to stabilize the oil-in-water system with a well-chosen 
amphiphilic macro-RAFT agent. 
It is believed that the RAFT functionality on the surface of the polyHIPE 
materials could provide a powerful substrate for subsequent surface 
chemistry reactions. The long-term aim is to decorate these materials with 
different functional groups. Future work will focus on the extension of this 
approach to a wider range of materials, and on achieving fine control over 
porous structure by tuning the hydrophilic and hydrophobic units. 
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3. PEO-based brush-type amphiphilic macro-
RAFT agents and their assembled polyHIPE 
monolithic structures for applications in 
separation science 
	
3.1 Introduction 
Macroporous polymer materials with interconnected structures represent a 
useful class of polymers used in different fields including separation science 
in the last decades [1]. An increasingly exploited method for the preparation 
of highly porous scaffolds is based on the solidification of the continuous 
phase of a high internal phase emulsion (HIPE) through polymerization. A 
cellular monolithic structure, commonly with interconnected voids and 
hence an open cellular network is produced, referred to as a poly(HIPE) [2-
7]. These materials have been applied extensively to different applications 
[8],  including membrane separator for batteries  [9-12], electro-chemical 
sensors [13], tissue engineering [14-17], supported catalysis [18], water 
purification [19, 20], and separation science [21-24].  
All the demonstrated examples in separation science consist of polymers 
that are hydrophobic in nature, which limits their applications to separation 
of non-polar analytes in reversed phase mode [25]. Introducing polar 
functional groups in the developed poly(HIPE) makes possible the 
separation of such analytes of different polarities. 
In chapter two, an amphiphilic copolymer (a “macro-RAFT agent”) was 
used as an anionic emulsifier in an inverse HIPE approach. This method 
offers attractive possibilities for the development of special coatings of the 
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resultant hydrophilic polyHIPE after the curing step while the RAFT-end 
group remained at the surface [26]. The aim in this chapter is to develop a 
surfactant-assisted functionalization strategy for preparation of porous 
polymers by HIPE polymerization, whereby the obtained porous polymers 
have a specific application [27]. 
PolyHIPEs with a hydrophilic surface are able to be produced through 
several different methods: post-synthesis modification of hydrophobic 
polyHIPEs from water-in-oil (w/o) HIPEs [28-30], the synthesis of inverse 
HIPEs (using an oil-in-water (o/w) template) in which the monomer is 
placed in aqueous phase [31-34], or the synthesis of bi-continuous 
hydrophobic polyHIPEs wherein a hydrophilic co-monomer is placed in the 
aqueous phase of an internal phase in w/o HIPEs [35-38]. Viswanathan et al. 
developed a new method for direct hydrophilic functionalization of a 
hydrophobic polyHIPE by introducing commercially available polymeric 
surfactants into a w/o HIPE through physical or chemical entanglement 
[39]. 3D surface functionalization was obtained in which the hydrophilic 
part of the polymeric surfactant (such as acrylic acid groups) decorated the 
surface of the voids of the obtained polyHIPE. Debuigne et al. reported the 
synthesis of a hydrophilic surface modified polyHIPE using an amphiphilic 
macro-RAFT agent for stabilization of the HIPE template [27]. The 
presence of RAFT functionality at the chain end of the polymer in the oil 
phase (styrene and divinylbenzene) provides a possibility for preparation of 
the porous polymer under RAFT control. 
The preparation of a hydrophilic polyHIPE from an o/w HIPE usually 
requires more careful emulsion stabilization than normal HIPE (w/o HIPE) 
[40]. The use of PEO-based “brush-like” monomers is anticipated to 
increase stabilization due to a larger surface area occupied per chain and the 
higher surface mobility of PEO chains [41, 42]. PEO has been found to 
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provide surfaces with anti-fouling properties as a result of its hydrophilicity, 
high surface water mobility and low interfacial free energy with water [43]. 
PEO-based macromolecules have demonstrated their unique potential as 
steric stabilizers for emulsion polymerization and may enhance their 
stability against freeze-thaw or shear force [44]. We hypothesize that the 
PEO-based brush-type amphiphilic macro-RAFT agents with appropriate 
wettability will be adsorbed at the oil–water interface, in a similar fashion as 
polymeric surfactant, and will provide stability against coalescence of the 
oil droplets, while the PEO block anchoring assists the attachment of these 
polymeric surfactants to the surface of the obtained polyHIPE upon 
polymerization (Figure 3.1). 
 
Figure 3.1. Mechanism of polyHIPE surface functionalization. 1) HIPEs 
stabilized by PEO-based brush-type amphiphilic macro-RAFT agents as 
surfactants 2) These amphiphilic species can be surface functionalized 
through PEO brush-type block (physical or chemical) entanglement. 
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As these polymers adopt the format of the mold used as the reactor, an 
inverse high internal phase emulsion can be introduced into capillary tubing 
and by in situ polymerization of the continuous phase, it can be covalently 
attached to a surface modified silica capillary. Due to the aspect ratio of the 
capillary, the morphology of the hydrophilic polyHIPE is likely to differ to 
that of the bulk material, representing a synthetic challenge to replicate ideal 
conditions to prepare a porous monolithic structure. These monolithic 
columns can potentially offer several advantages in the design of high 
performance columns to be used in liquid chromatography including the 
high porosity and consequently a low resistance to the mass transfer (low C-
term in the van Deemter equation) [45]. In addition, the active chain end 
(the RAFT-end group) sits at the surface of the material, and its role can be 
readily studied with respect to potential further surface functionalization. 
In this chapter, the surface chemistry of a hydrophilic polyHIPE inside a 
capillary format was studied by liquid chromatography. This technique was 
particularly informative, revealing the role and relevance of the surface 
chemistry of the polyHIPE with respect to the retention time of different 
compounds in different modes of chromatography. 
3.2 Experimental Section 
3.2.1 Materials 
Poly (ethylene glycol) methyl ether acrylate (PEO MA, average Mn ≈ 480) 
was purchased from Sigma-Aldrich and used as received. Styrene (Sty, 
Aldrich, 99%) was passed through a column of Al2O3 to remove the 
inhibitor. The RAFT agent, 2-[[(butylsulfanyl)-carbonothioyl]sulfanyl] 
propanoic acid (PABTC), was synthesized as described in Ref [46]. 
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4,4′-azobis(4-cyanovaleric acid) (V501, >98%, Aldrich) was used as 
received. Acrylamide (AAM, Sigma-Aldrich, ≥98%), N,N'-
methylenebisacrylamide (MBAM, Sigma-Aldrich, ≥99.5%)), methanol 
(Fluka), basic alumina (Al2O3, Brockman activity I, 60-325 mesh), 
N,N,N',N'- tetramethylethylendiamine (TEMED, Sigma-Aldrich, 99%), 
were all used as received. 3-(trimethoxysilyl)propyl methacrylate (γ -
MAPS) was obtained from Sigma (St. Louis, MO, USA). Toluene was 
obtained from Chem-Supply (Gillman, SA, AUS). Potassium persulfate 
(KPS, M&B, 98%) was recrystallized from water. 
3.2.2 Synthesis of PEO-based amphiphilic surfactant by RAFT 
polymerization 
A series of amphiphilic quasi-block macro-RAFT agents (Qb) consisting of 
PEO MA and Sty were synthesized as reported in the literature.[47] The 
PEO-based  (PEO MA, average Mn ≈ 480) was selected as it provides a 
hydrophilic group to assist the solubility of the macro-RAFT agent in the 
aqueous continuous phase. A typical polymerization protocol that was 
adopted is summarized: In first step, 1 g (4.20×10-3 mol) of PABTC and 
0.12 g (4.20×10-4 mol) of V501 were introduced to a round-bottom flask 
and which was then sealed with a rubber septum, and solids were purged 
with ultra pure argon for 10 min. In a second step, 10.08 g (2.10×10-2 mol) 
of PEO MA was then dissolved in 100 mL of dioxane before addition to the 
round-bottom flask to obtain a solution. This was purged with ultra pure 
argon for 10 min. The reaction was allowed to proceed at 70 °C for 6 h 
under constant stirring. After quenching the reaction in an ice bath, a small 
aliquot of the solution was removed for 1H NMR analysis to determine the 
conversion of the PEO MA single block. Styrene and V501 were then added 
to the round bottom flask at a molar ratio (relative to the initial chain 
transfer agent concentration) equal to the desired number of monomer 
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repeat units per macro-RAFT agent. The mixture was purged with ultra pure 
Argon for 10 min and further polymerization for 12 h at 70°C was 
performed. After which a small aliquot of the solution was removed for SEC 
and 1H NMR analysis. The degree of polymerization of the macro-RAFT 
agent was determined by 1H NMR spectroscopy. Figure 3.2 shows the 
NMR spectrum of RAFT- PEO MA-b-Sty. 
 
Figure 3.2.  1HNMR spectrum of macro-RAFT agent Qb-2 (DMSO-d6). 
Dioxane was then removed through rotary evaporation under reduced 
pressure and all polymers were purified by dialysis. Dialysis was performed 
by placing the polymer into dialysis tubing (MWCO 2000) and then 
submerging the polymer and tubing in deionised water (DI) with agitation 
(see Figure 3.3). Water was removed via freeze-drying of the macro-RAFT 
agents at -30 °C under reduced pressure for at least 100 hours. The polymer 
was then stored at 4 °C until use. Table 3.1 shows the characteristic data for 
the PEO MA homopolymers and P(PEO MA)-qb-P(Sty) diblock 
copolymers synthesized in this study.  
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Table 3.1. Macro-RAFT agents synthesized in this study 
aThe feed units obtained a theoretical hydrophilic-lipophilic balance (HLB) value for all 
macro-RAFT agent around 16, determined by the Griffin’s rule: HLB = 20×Mh hydrophilic 
part/Mw (hydrophilic part + hydrophobic part), where Mh is the molecular weight of the 
hydrophilic block and Mw is the molecular weight of the surfactant. bDetermined by 
1HNMR in DMSO-d6. c Mn,th= !"#"!$% 0× M monomer&'() * ×conversion + Mn,macro_RAFT . 
dDetermined by SEC in THF (calibration Sty). 
 
 
Figure 3.3. Typical procedure for purification of macro-RAFT agent by 
using dialysis tubing (MWCO 2000). 
 
 
(PEO 
MA)X-
qb-
(Sty)Y 
X 
(feed) 
(PEO 
MA)a 
Y (feed) 
(Sty)a 
Sty/ 
RAFT 
 (NMR)b 
Conversion Mn th  
 (g mol-1)c 
Mn, SEC     
(g mol-1)d 
Đ 
First 
Step 
Second 
Step 
Qb-1 5 5 2.1 98.2 54.6 2879.5 2600 1.18 
Qb-2 10 10 3.4 98.1 49.4 5461.6 3600 1.18 
Qb-3 20 20 4.6 88.9 28.6 9368.5 5000 1.20 
Qb-4 50 50 8.4 37.2 24.0 10416.1 7800 1.46 
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The SEC analyses of four different macro-RAFT agents are illustrated in 
Figure 3.4. 
 
Figure 3.4.  A) SEC chromatograms of macro-RAFT agents, from right to 
left: Qb-1 (red), Qb-2 (black), Qb-3 (blue) and Qb-4 (pink). 
3.2.3 Synthesis of hydrophilic ‘inverse’ polyHIPEs 
The macro-RAFT agent was dissolved in 4 ml water without any adjustment 
of pH. Toluene (16 ml) was added drop-wise to an aqueous solution of 
macro-RAFT agent with a desired concentration; at a rate of 0.8 mL min-1 
with constant stirring (magnetic stirrer) at 1000 rpm. The emulsion was 
stirred for an additional 20 min after complete addition of the internal 
toluene phase. The drop test method was used to determine the type 
emulsion prepared and optical microscopy was used to examine emulsion 
stability. 
Chapter	3	 PEO-based	amphiphilic	macro-RAFT	agents	as	a	sole	emulsifier	
	
	 94	
The macro RAFT agents prepared were used as stabilizers of o/w emulsions. 
A range of different monomers and crosslinkers were tested attempting to 
obtain macroporous polyHIPEs. The successful combination of the 
monomer-crosslinker was selected based on the solubility in water and 
possibility for polymerization at room temperature (Figures 3.5 and 3.6). 
 
Figure 3.5. Monomers and cross-linkers used in aqueous phase 
  
Figure 3.6. Typical polymerization of monomers in water in presence of 
redox initiation system (TEMED/ KPS). From the left to right: Glycerol 1,3-
diglycerolate diacrylate, Pentaerythritol triacrylate, Tetra(ethylene glycol) 
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diacrylate, Bis[2-(methacryloyloxy)ethyl] phosphate, Poly (ethylene glycol) 
diacrylate, 2-Hydroxyethyl methacrylate and acrylamide. 
A successful monomer and crosslinker couple; acrylamide (AM, 1.420 g, 
1.99×10-2 mol) and the crosslinker N,N'-Methylenebisacrylamide (MBAM, 
0.309g,  2.00×10-3 mol) were dissolved in 4 ml of water containing macro-
RAFT agents. The initiator KPS (0.04 g, 1.47×10-4) was also dissolved in 
the above aqueous solution. The continuous phase toluene (16 mL) was then 
added drop-wise at a rate of 0.8 ml per min with constant stirring at 1000 
rpm. The emulsion was stirred for an additional 20 min after complete 
addition of the internal toluene phase. The emulsion was transferred to a 
mold (a glass container) and appropriate amounts of TEMED were added to 
emulsion after formation, which already contained KPS and cured at room 
temperature. The resulting polyHIPE was purified via Soxhlet extraction 
with methanol for 48 h as well as 48 h with water. The purified monolith 
was dried under vacuum oven for at least 72 h to constant weight under 
vacuum at 30 °C. The experimental conditions used for the preparation of 
the different polyHIPEs can be found in Table 3.2. 
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3.2.4 In situ preparation of hydrophilic polyHIPE columns 
A capillary format was chosen as a ‘column housing’ for poly(AM-MBAM) 
based hydrophilic polyHIPE to be evaluated as stationary phases for nano-
LC. Prior to the polymerization, fused silica capillaries with different 
internal diameters were modified with 3-(trimethoxysilyl)propyl 
methacrylate using a procedure previously described [48] (Figure 3.7).  
 
Figure 3.7. Surface modification of a fused-silica capillary surface using 3-
(trimethoxysilyl)propyl methacrylate (γ -MAPS). 
Using an ice bath to retard the polymerization reaction, an inverse HIPE was 
introduced to the capillary column using pressure of nitrogen (Figure 3.8). 
In situ polymerization of an inverse HIPE in a capillary was conducted 
using a KPS/TEMED redox couple as initiator. 
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Figure 3.8. Using nitrogen pressure to fill a capillary format column with an 
inverse HIPE. 
3.2.5 Chemical stability and swelling behavior of monolithic 
columns 
The chemical stability of polyHIPEs in capillary formats was described by 
pressure drop of monolithic columns at different flow rates using pure water 
and acetonitrile as mobile phase. For each flow rate, the pressure values of 
the HPLC system were measured without and with the column, and the 
pressure drop across the monolith was calculated as the difference between 
these two values. 
3.2.6 Characterization 
NMR analyses was performed using a Bruker Ultra Shield Avance 
Spectrometer (600 MHz). For all NMR analyses deuterated solvents were 
used as stated.  Size exclusion chromatography (SEC) was performed with a 
Viscotek instrument using refractive index detector (RID) and two 
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chromatography columns (two PSS S linear 3µm, Polymer Standard 
Services GmbH, PSS), THF (HPLC grade) was used as an eluent at a flow 
rate of 0.5 mL/min. The column oven was kept at 40 °C. The calculated 
molecular weights were based on a calibration curve for polystyrene (PS) 
standards of narrow polydispersity with a molecular weight range of 160–
154000 g/mol (PSS-Polymer Laboratories). The standards were prepared (2 
mg/ml) and injected, the column injection volume was 0.1 mL. 
Emulsion droplets were observed by optical microscopy (Nikon, model 
Eclipse E200), equipped with a camera (Tucsen, model IS500). Images of 
the emulsions were analyzed by ImageJ (NIH image) [49]. From these, the 
mean droplet size and size distribution were evaluated. Three samples were 
analyzed for each experiment and the reported results are the average of 
these. More than 100 droplets were measured. PolyHIPEs were 
characterized by field emission gun scanning electron microscopy (FE-
SEM) studies using a Hitachi SU-70 FESEM in the Central Science 
Laboratory, University of Tasmania. All samples were platinum coated for 
15 s in an argon atmosphere (Emitech 550, Emitech Ltd., UK). The 
composition of the material was examined by EDX experiments where the 
materials were sputter-coated with carbon (Ladd 40000 carbon evaporator) 
before analysis. The calculation of the average voids and windows diameter 
(in the case of any) was performed on sets of at least 100 voids and 100 
windows, respectively, using the image analysis software ImageJ (NIH 
image). A statistical correction was employed to obtain more accurate value, 
as each value was multiplied by 2/(31/2) as described by Carnachan et al. 
[50]. 
The sulfur content of the polyHIPEs was determined with a Thermo 
Finnigan EA 1112 Series Flash Elemental Analyser.  Thermogravimetric 
analyses were carried out using Setaram LABSYS Evo TG-DSC 
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Thermogravimeter in the temperature range from 30 to 600 °C at the heating 
rate of 5 °C min-1 under nitrogen atmosphere. The sample mass was about 
15 mg. FTIR spectra were recorded by a Bruker Vertex 70 infrared 
spectrometer equipped with an ATR probe. Solid samples were pressed 
using a spatula before being placed on the sample holder. A CCD line 
detector in the exit focal plane of the monochromator was used for 
recording the spectra. The laser source was a Nd:YAG laser. The Brunauer–
Emmett–Teller (BET) surface area and microporosity were assessed using a 
Tristar II analyzer for the nitrogen adsorption/desorption at 77 K (Particle 
and Surface Science, Gosford, AUS). The capillary liquid chromatography 
studies were performed using an Ultimate 3000 RS system (Dionex, 
Sunnyvale, CA). A 1µL sample loop was used and the system was operated 
with Chromeleon software. UV absorbance was monitored at 214 nm. 
3.3 Results and discussion 
3.3.1 Typical synthesis of the amphiphilic quasiblock macro-
RAFT agent 
The increasing importance and interest in macro-RAFT quasiblock 
copolymers arise mainly from their unique amphiphilic properties in 
solution, which are a direct consequence of their molecular structure and 
presence of the RAFT-end group [26, 27, 51]. 
While surfactants are selected mostly on trial and error basis for preparation 
of HIPEs, the hydrophilic-lipophilic balance (HLB) can indicate the 
capability of forming a certain preferred type of an emulsion. In case of 
HIPEs, surfactants with the HLB values 2-6 are used for water-in-oil and 
12-16 for oil-in-water HIPEs. Specifically targeting a high HLB number 
(HLB ~16), amphiphilic macro-RAFT agents were synthesized to 
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investigate the effect of the length of the P(PEO MA) and P(Sty) of the 
macro-RAFT agent with regards to the stability of the inverse HIPE (See 
Table 3.1). The selection of this ratio was based on the theoretical 
hydrophilic-lipophilic balance (HLB) value of these macro-RAFT agents, 
which is suitable for the stabilization of inverse oil in water emulsions [52].  
This one-pot polymerization technique has been utilized to achieve the 
synthesis of quasi (block-like) copolymers using sequential monomer 
addition [53, 54]. This approach yields quasiblock copolymers (Qb) when 
the conversion of monomer in the first step (e.g. PEO MA) is lower than 
100% prior to a second monomer being incorporated. The low 
polydispersity (Đ) of macro-RAFT agent Qb-1 to Qb-3 highlights the RAFT 
control over the polymerization. These results confirmed that shorter chain 
length of PEO MA macro-RAFT agents provide high re-initiation efficiency 
for the polymerization of Sty, as expected based on a previous report [47]. 
3.3.2 Stability of oil-in-water HIPEs using PEO-based macro-
RAFT agent 
The preparation of a hydrophilic polyHIPE from an o/w HIPE usually 
requires more careful emulsion stabilization and polymerization [40]. The 
poly(PEO MA-qb-Sty) quasi-block copolymers prepared here are 
amphiphilic and can exhibit properties similar to a polymeric surfactant 
[55]. The use of 10 wt% of macro-RAFT agent Qb-2 resulted in the 
successful stabilization of HIPEs with aqueous volume fractions between 60 
and 90%. The emulsion droplets were spherical but polydisperse (See 
Figure 3.9 and Figure 3.10). 
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Figure 3.9. Optical microscopy of HIPEs stabilized by 10 wt% of macro-
RAFT agent-Qb2 (w.r.t. the continuous phase); after preparation (0 hours), 
after 72 hours and after 15 days (right column (HIPE A5) has AAM and 
MBAM monomers in the aqueous phase). The scale bar in all cases is 600 
µm. 
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Figure 3.10. Stability of toluene in water HIPE stabilized by macro-RAFT 
agent. All HIPEs with 80% toluene in water solely stabilized with 10 wt % 
of (from the left to right): macro-RAFT agent Qb1, macro-RAFT agent 
Qb2, macro-RAFT agent Qb3 and macro-RAFT agent Qb4. No monomers 
were introduced in the HIPEs. 
The drop test method indicated that the HIPE is the inverse system (o/w 
type) [56, 57] (see Figure 3.11). 
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Figure 3.11. The emulsion type was determined by the drop test method. 
One drop of the formed HIPE with macro-RAFT agent-Qb1 was placed into 
(A) water and (B) toluene. The emulsion droplet was seen to disperse in the 
water but remained as a droplet in toluene. 
Preparation of a stable HIPE requires rapid adsorption of the stabilizer at the 
oil-water interface to lower the interfacial tension between the phases and 
form a rigid interfacial film [58]. To study emulsion stability, the effect of 
the number of hydrophilic and hydrophobic units of the polymeric 
surfactant was investigated using macro-RAFT agents Qb-2 to Qb-4 (see 
Figure 3.10. The macro-RAFT agent Qb-2 proved to be sufficiently 
hydrophilic to stabilize o/w HIPE at least for two weeks (see Figure 3.12). 
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Figure 3.12. Stability of toluene in water HIPE stabilized by macro-RAFT 
agent-Qb-2 
This long-term stability implied that this surfactant was able to suppress the 
coalescence and Ostwald ripening of emulsion droplets and thus, Qb-2 was 
selected for further studies. It is also important to mention that the absence 
of the PSty block (i.e. using a single block RAFT- (PEO MA)10 
homopolymer as sole emulsifier) resulted in rapidly unstable emulsions, 
demonstrating the importance of the amphiphilic nature of the stabilizer. 
3.3.3 Synthesis of hydrophilic polyHIPEs 
A rapid curing of a HIPE system typically locks the emulsion against 
Ostwald ripening and coalescence, resulting in a homogeneous polyHIPE 
structure. Inverse HIPEs discussed in the previous section were polymerized 
using a redox initiation system (TEMED/ KPS) to obtain porous polyHIPEs. 
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PolyHIPE A5 was obtained by using 10 wt% of macro-RAFT agent Qb-2, 
which retained the shape and volume of the mold. Increasing the macro-
RAFT agent-Qb2 concentration from 10% wt to 50% wt had a significant 
effect on the morphology of the resulting polyHIPEs (e.g. on the void size 
[59]) as can be seen from the SEM images (Figure 3.13). From the SEM 
images, the number of “windows” per void is increasing from polyHIPE A5 
to A7. A higher degree of openness is an advantage for polyHIPEs used in 
flow-through applications, as it decreases the backpressure of the column 
once the polyHIPE is introduced into a column housing. 
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Figure 3.13. Scanning electron micrographs of emulsion templated 
macroporous polymer made by polymerization of HIPEs stabilized solely by 
different amount of macro-RAFT agent-Qb2 (10, 20 and 50 w.r.t. the 
continuous phase from top to bottom), polymerized at room temperature 
(TEMED/ KPS). 
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The prepared polyHIPEs retained their yellow color after washing process 
due to the trithiocarbonate group of the RAFT agent. Elemental analysis 
confirmed the amount of sulfur within the polyHIPEs (e.g. the sulfur content 
within polyHIPE A5 was 0.43%). Further evidence for the presence of the 
macro-RAFT agent on the surface of the polyHIPE was obtained from 
Energy Dispersive X-ray analysis (EDX), clearly indicating that sulfur was 
present at the surface of the polyHIPE A5 (Figure 3.14). 
 
Figure 3.14. EDX mapping analysis on polyHIPE A5; (A) SEM image and 
(B) Overall mapping elements on the same spot: corresponding to sulfur 
(C), carbon (D), nitrogen (E), and oxygen (F) mapping. Scale bar is 100 µm. 
Chapter	3	 PEO-based	amphiphilic	macro-RAFT	agents	as	a	sole	emulsifier	
	
	 109	
To further investigate the inclusion of the macro-RAFT agent within the 
polyHIPE structure, FTIR analyses were performed on the resultant 
material, in comparison to a sample of AM-MBAM polymerized in bulk 
(KPS/TEMED as initiators) subjected to the same washing protocol. The 
FTIR spectrum of polyHIPE A5 shows the presence of an extra band at 
1710 cm-1 with respect to bulk polymer, which is present in the FTIR 
spectrum of the macro-RAFT agent (Figure 3.15). This signal corresponds 
to the C=O stretching of the ester group of the PEO MA block, indicating 
incorporation of the macro-RAFT agent in to the polymer structure. 
 
Figure 3.15. ATR-IR of macro-RAFT agent-Qb2 (red), bulk polymer (blue) 
and polyHIPE A5 (black). The peaks around 1700-1750 cm-1 (related to the 
C=O stretching of the ester group of the poly (PEO MA) and 2700 - 2900 
cm-1 (related to aromatic =C-H stretching of poly(styrene)) are highlighted. 
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Furthermore, TGA thermograms of the macro-RAFT agent-Qb2, polyHIPE 
A5 and bulk polymer (Figure 3.16) show similarities in the decomposition 
profile of polyHIPE A5 and Qb-2, again indicating macro-RAFT 
incorporation. 
 
Figure 3.16.  (A) TGA analysis of macro-RAFT agent-Qb2 (red), polyHIPE 
A5 (black) and bulk polymer (blue). B) Tmax data. 
Grafting experiments utilizing the RAFT-end groups at the polyHIPE 
surface were performed with an aim to demonstrate the presence of the 
reactive RAFT agent on the surface of voids. Adapting a procedure from 
Moad et al.[60], polyHIPE A5 was reacted at 60 °C overnight with (4-
vinylphenyl) boronic acid (VPBA). Accordingly, a polyHIPE A5 was treated 
with a degassed solution of VPBA, RAFT agent and the initiator AIBN 
(molar ratios 100 : 5 : 1) in methanol–acetonitrile (volume ratio 50 : 50) at 
60 °C for 22 hours. FTIR spectroscopy was used as a complementary 
technique to confirm the presence of poly(VPBA) on the surface, via the 
presence of B–O weak stretching peaks (Figure 3.17) [61, 62].  
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Figure 3.17. FTIR spectrum of poly(HIPE) A5 before (black) and after (red) 
“grafting from” polymerization of (4-vinylphenyl)boronic acid. The peak 
around 1375–1425 cm−1 is highlighted. 
SEM analysis (Figure 3.18) demonstrated a change in surface morphology 
after surface grafting with VPBA where the size of the windows were 
decreased. These results clearly demonstrate the availability of the 
trithiocarbonate group (present on the surface of the functionalized 
polyHIPEs) for further surface modifications by grafting reactions. 
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Figure 3.18. SEM images of poly(HIPE) A2 after “grafting from” 
polymerization of (4-vinylphenyl)boronic acid. 
3.3.4. In situ synthesis of hydrophilic polyHIPEs inside a 
capillary format 
A capillary column was chosen as the reactor for the design of hydrophilic 
polyHIPEs to be used as a stationary phase in chromatographic experiments. 
The surface of the column was chemically modified with γ-MAPS in order 
to ensure a covalent attachment between the polymer monolith and the walls 
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of the capillary, subsequently ensuring the mobile phase would flow solely 
through the voids of the monolith.  HIPE A5 was introduced to three 
different ID capillaries (150, 250, and 500 µm). After preparation of the 
HIPE A5, the HIPE was placed in ice bath for approximately 5 minutes to 
lower the temperature of the emulsion. As polymerization commences upon 
addition of TEMED, this stage is critical with respect to retarding the 
polymerization of the HIPE, providing sufficient time to fill the capillary 
using nitrogen gas. After the pre-treated capillary was completely filled with 
the cold HIPE, the capillary was sealed at both ends with rubber stoppers. 
The sealed capillary was stored in a dark place at room temperature and 
allowed to react for 24 h.  
As seen in Figure 3.19, the morphology of the resulting polyHIPE is 
strongly dependent on the diameter of the capillary. The morphology of the 
polyHIPE in the 500 µm ID capillary is most similar to the bulk structure 
(see Figure 3.13, polyHIPE A5), however there is no attachment to the 
capillary surface. By decreasing the size of the capillary to 150 µm ID, the 
polyHIPE structure is attached to the surface but the morphology of the 
polyHIPE changes significantly. This result may be attributed to the 
deformability of oil droplets when the column is filling under nitrogen 
pressure, by considering the increasing likelihood of deformation and or 
break-up of when the inner diameter is decreased. 
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Figure 3.19.  SEM images of poly(HIPE) A5: In situ polymerization in 
different ID capillaries, inner diameters from bottom to top: 150 µm, 250 
µm and 500 µm. 
Furthermore, the extent of polyHIPE shrinkage upon polymerization was 
studied (see Figure 3.20).  
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Figure 3.20. Shrinkage study on polyHIPE A5 
The shrinkage of the polyHIPE structure is ~ 19% (18.95 ± 4.20%). This is 
an important factor respect to explaining the de-attachment of the polyHIPE 
to wall in a larger inner diameter capillary. When the amount of the 
monomer-crosslinker (AAM-MBAM) in the aqueous phase was increased 
by 20 % (sample A8, Table 3.2), SEM analysis of the resulting polymer 
(sample A8, Figure 3.21) showed a polyHIPE structure within a capillary 
housing similar to the bulk morphology. 
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Figure 3.21.  SEM images of poly(HIPE) A8: Polymerization in a bulk 
(bottom) and in situ polymerization in 150 µm ID capillary (top). 
3.3.5 Evaluation of the effects of RAFT-end group of the macro-
RAFT agent on polyHIPE morphology 
We next turned our attention to the role of RAFT-end group of the macro-
RAFT agent on polyHIPE morphology. It has been reported that the 
presence of the RAFT-end group in amphiphilic copolymers increases the 
hydrophobicity of the copolymer [51]. This influences the behavior of a 
diblock copolymer at an oil-water interface, as it more closely resembles 
and acts as triblock copolymer with hydrophobic termini, in particular when 
the degree of polymerization of each block is low. 
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To investigate this, the RAFT part of the macro-RAFT agent Qb-2 (See 
Table 3.1) was cleaved using a typical end group removing protocol with 
minor modifications [63]. Typical end-group removal process was applied 
on macro-RAFT agent Qb-2, using benzoyl peroxide as initiator.   Briefly, A 
mixture of macro-RAFT agent Qb-2 (0.2 g, 0.13 mmol), Benzoyl peroxide 
(BPO) (0.5 g, 2.06 mmol), and toluene (6 g) was placed in a round-bottom 
flask, sealed, and degassed with argon gas for 20 minutes. 2-Propanol was 
degassed with argon gas in a separate sealed round-bottom flask. The 2-
propanol (6 g) was removed through a syringe equipped with a long needle 
and injected to the mixture. The round-bottom flask containing the mixture 
was then heated to 100 °C for 3 h. The completion of butyl-trithiocarbonate 
RAFT-end group removal was determined by 1H-NMR after evaporating the 
volatile solvents from the product in a vacuum oven at 40 °C overnight. The 
1H-NMR spectrum of the product demonstrated the absence of signals 
associated with the butyl trithiocarbonate end group at 3.3 ppm (CH3-(CH2)2 
-CH2-S-C(S)-S-) and 4.8 ppm (the first chain length of CH oligomer 
backbone adjacent to the sulfur). The evaporated product was dissolved in 
2-propanol and was purified by precipitation method in a cold 
methanol/water mixture (80/20 v/v %) to remove the unreacted BPO.  
Using this copolymer as a sole stabilizer, a stable inverse HIPE (toluene in 
water) was obtained. The stability of the HIPE stabilizing by end group 
removed Qb-2 was investigated by optical microscopy. It was found that 
both the toluene droplet size and the morphology of the obtained polyHIPE 
changed. An SEM image of the obtained polyHIPE is shown in Figure 3.22.  
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Figure 3.22. Scanning electron micrographs of emulsion templated 
macroporous polymer (B1) made by polymerization of HIPEs stabilized 
solely by end group-removed macro-RAFT agent-Qb2, polymerized at room 
temperature (TEMED/ KPS). 
In comparison to poyHIPE A8 (Figure 3.21), polyHIPE B1 possess a 
hierarchical polyHIPE structure with an increased number of windows. This 
increased level of interconnectivity was demonstrated with an increase in 
BET specific surface area (6.75 m2g−1 for B2, as opposed to 2.07 m2g−1 for 
B1). 
The elemental analysis of the obtained polyHIPE shows no sulfur and this 
result is confirmed by EDX-SEM mapping on the surface as well (Figure 
3.23). 
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Figure 3.23. EDX mapping analysis on polyHIPE B1; (A) SEM image and 
(B) Overall mapping elements on the same spot: corresponding to carbon 
(C), nitrogen (D), and oxygen (E) mapping. Scale bar is 50 µm. 
Furthermore, the incorporation of the PEO MA functionality in the obtained 
polyHIPE is not observed by FTIR (Figure 3.24). 
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Figure 3.24. ATR-IR of end group removed copolymer-Qb2 (red line), bulk 
polymer  (blue line) and polyHIPE B1 (black line). The peak around 1650-
1850 cm-1 is highlighted. 
Our experience with hydrophilic polyHIPEs produced via inverse HIPEs 
stabilized by Tween 85 (a commercially available, non-ionic surfactant) 
with paraffin oil as the dispersed phase showed that there is no attachment 
of this polyHIPE to the modified walls of a capillary format column. 
Similarly, no attachment of the polyHIPE B1 to the surface of the column 
was observed in a 150 µm ID capillary  (see Figure 3.25). 
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Figure 3.25. Polymerized HIPE B1 stabilized by end group removed macro-
RAFT agent, in situ polymerization in 150 µm ID capillary. 
The procedure was repeated in triplicate. While the polyHIPE attachment 
was observed in the case of sample A8, the main difference between HIPE 
B1 and A8 is the presence (or not) of the trithiocarbonate group in the 
stabilizer used. These results suggest that an end-group removed RAFT 
copolymer will favor the formation of a hierarchically structured polyHIPE 
with no attachment to the capillary format column, in comparison to the 
RAFT-end group enabling full attachment of the polyHIPE to the capillary 
wall. We believe that the RAFT-end group of the macro-RAFT agent group 
assures that the monolith is covalently adhered to the capillary (as the 
polyHIPE is remained attached to the wall after washing with a high 
pressure), guaranteeing the flow of liquid through the synthesized monolith. 
Upon removing the butyltrithiocarbonate endgroup, the anchor is changed in 
the way that the attachment to the capillary wall is not provided. Further 
investigation was performed through the preparation of the bulk polymer 
with and without macro-RAFT agent Qb-2 (without toluene as internal 
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phase). As it can be seen in Figure 3.26, the polymer with macro-RAFT 
agent is a transparent polymer, however the same recipe without the RAFT 
agent is forming a dispersion and the obtained polymer has a white color.  
 
Figure 3.26. Polymerized bulk polymer in presence of macro-RAFT agent 
(left) and in presence of end-group removed macro-RAFT agent Qb-2 
(right). 
3.3.6 Evaluation of hydrophilic polyHIPE as stationary phases in 
HPLC 
These as-prepared polymer monoliths in a capillary housing were then 
evaluated as stationary phases for capillary liquid chromatography. 
Interactions between analytes (with different polarity) and the polyHIPEs 
could give us information about the different microenvironments present on 
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the polymer surface. Two capillary columns containing polyHIPE A5 or A8 
were studied. The suitability of the polyHIPE structure monoliths was 
assessed by measuring the backpressure of the materials at different flow 
rates. The backpressures obtained when both non-swelling (acetonitrile) and 
swelling (MilliQ-water) solvents were pumped through the polymeric 
monolith A8 shown in Figure 3.27. 
 
Figure 3.27. Back pressure studies on capillary A8, solvents MiliQ-water 
(red) and acetonitrile (blue). 
Due to the poor mechanical stability of the polyHIPE A5, it is unsuitable as 
a stationary phase and this sample was not investigated further (Figure 
3.28). 
Chapter	3	 PEO-based	amphiphilic	macro-RAFT	agents	as	a	sole	emulsifier	
	
	 124	
 
Figure 3.28. After washing of polyHIPE with water using nano-LC HPLC 
system 
Considering the presence of amphiphilic copolymers on the surface of 
polyHIPEs, the materials are expected to allow the separation of both polar 
and non-polar analytes. The styrene part in the prepared polyHIPE induces 
hydrophobic interactions with nonpolar analytes while the surface coverage 
with PEO MA helps to retain polar analytes. The mechanism of 
chromatographic retention was studied using two different classes of 
compounds: non-polar alkylbenzenes to test for the reversed phase mode 
and polar hydroxybenzoic acids to test for the aqueous normal phase in 
hydrophilic interaction liquid chromatography (HILIC). Upon injecting the 
alkylbenzene mixture, the following elution order was observed: 
Toluene < ethylbenzene < propylbenzene < butylbenzene < pentylbenzene 
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Although this order is typical for reversed phase mode, the relationship 
between the length of the aliphatic chain (nc) and the logarithm of the 
retention factor was nonlinear as shown in Figure 3.29A. This can be 
explained if another mechanism is contributing to the retention. To 
investigate further, a mixture of 3-hydroxybenzoic acid, 3,5 
dihydroxybenzoic acid, and 3,4,5 trihydroxybenzoic acid was injected using 
a 80:20 ACN:Water mixture as the mobile phase. Surprisingly, the least 
polar analyte; 3-hydroxybenzoic acid was the first to elute followed by 3,5 
dihdroxybenzoic acid, followed by 3,4,5 trihydroxybenzoic acid which is 
the most polar. This order clarifies that another mechanism such as HILIC, 
is also involved in the separation process. 
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Figure 3.29. A) Methylene selectivity of the benzene derivatives (toluene, 
ethylbenzene, propylbenzene, butylbenzene, Pentylbenzene). B) Separation 
of small molecules in a mixture, from left to right: 3-hydroxybenzoic acid, 
2,6-dichlorophenol and pentachlorophenol. 
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It is also worth mentioning that uracil, a nucleobase which normally elutes 
unretained in the reversed phase mode was retained to a greater extent than 
3-hydroxybenzoic acid, further demonstrating the presence of hydrophilic 
interactions between polar analytes and the PEO patches on the stationary 
phase. To determine the predominant mode, the effect of mass fraction of 
acetonitrile (%ACN) in the mobile phase on the retention time was studied 
using toluene and 3-hydroxybenzoic acid; an inconsistent change in the 
retention time was obtained when %ACN was increased which again 
indicates the existence of Reversed Phase/ Hydrophilic Interaction Liquid 
Chromatography (RP/HILIC) mixed mode. It is important to mention here 
that the elution order of the two analytes was reversed at high %ACN. That 
means reversed phase was dominant at low %ACN while HILIC was 
predominant at high %ACN. The mechanical stability and efficiency of the 
column were also studied. The column was stable to the increasing flow 
rates up to 3.0 µL min-1 using aqueous and organic mobile phases. The 
column efficiency was studied by measuring the height equivalent to 
theoretical plates at different mobile phase velocities. 
The maximum efficiency obtained was 2500 plates m-1.  The column 
permeability (K) was calculated using Darcy’s law (Equation 3.1): 
(3.1) 
where F is the volume flow rate of the mobile phase (m3.s-1) , η is the 
dynamic viscosity of the mobile phase (Pa.s), L is the column length (m), 
ΔP is the column back pressure (Pa), and r the inner radius of the column 
(m). The dynamic viscosity of water mobile phase at 30°C was 0.798 × 10-
3 Pa.s. The calculated column permeability was found to be 3.34 × 10-14 m2. 
This high permeability enables for increasing the column length and allows 
for further modification of the column. 
2rP
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h
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As an example of applying this material to the separation of small 
molecules, a mixture of three analytes (3-hydroxybenzoic acid, 2,6-
dichlorophenol and pentachlorophenol) was injected using 20%ACN. As 
shown in Figure 3.29B, a reasonable separation was obtained which proves 
that this type of stationary phases could be promising for various 
applications of chromatographic retention, especially under mixed mode. 
3.4 Concluding remarks 
PEO-based, brush-like amphiphilic macro-RAFT agent with a specific HLB 
value act in the same fashion as common surfactants for the stabilization of 
oil in water emulsions. As a result, these polymeric stabilizers can be used 
as a sole stabilizer of an inverse HIPE system to directly prepare hydrophilic 
polyHIPEs, consisting of cross-linked acrylamide in the continuous phase. 
The innovative nature of this approach is further illustrated by the high 
degree of spatial control for placement of functionalities within the 
monolithic structure.  
Several important parameters have been identified to take into consideration 
for in situ polymerization of polyHIPE within a capillary column. 
Furthermore, these columns were investigated as stationary phase for high-
pressure liquid chromatography. Using capillary liquid chromatography it 
has been shown that the polyHIPE are decorated with different 
microenvironments amongst the voids or domains of the monolithic 
structure and the result suggests the existence of RP/HILIC mixed mode 
with promising performance for separation of small molecules. In addition 
to the applied context of these materials, this work also serves as the first 
demonstration of the role of the RAFT group of the emulsifier in the 
attachment of the obtained polyHIPE to the surface of a column. 
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4. One-pot synthesis of hydrophobic polyHIPE 
structure with a hydrophilic surface functionalization: 
Visualizing surface chemistry 
 
4.1 Introduction 
Polymerized high internal phase emulsions (polyHIPEs) are a 
representative type of macroporous polymer material, often with a 
highly interconnected structure [1-3]. Following the development of 
various new polyHIPE materials using amphiphilic macro-RAFT agents in 
chapter two and three, this chapter will investigate the influence of the 
RAFT end-group of a macro-RAFT agent on the morphology of the poly 
(styrene-co-divinylbenzene) foams. 
Polymer porosity, homogeneity and functionality are key factors for 
materials to be considered as potential separation media. However, 
such properties are not well-defined in styrene-based polyHIPEs, in 
particular surface chemistry [4, 5]. As mentioned in chapter 2, a new 
approach for the preparation of such monoliths, which is referred to as 
“polymeric surfactant-assisted functionalization” has been established 
to offer a relatively higher control over the porosity of the obtained 
monolith. Compared to conventional surfactants, such polyHIPE 
syntheses allow preparation of a homogeneous functionalized porous 
monolith while the desired functionality is placed on the surface [6]. 
This strategy involves using reversible addition−fragmentation chain 
transfer (RAFT) polymerization for the preparation of polymeric 
surfactants as mentioned in chapter 1. 
Using macro-RAFT agents has been demonstrated in the synthesis of 
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hydrophilic surface-modified styrene-based polyHIPEs by Debuigne et 
al. [6]. Within the same group, a series of polymerized medium 
internal phase emulsions (polyMIPEs) were stabilized by using the 
same macro-RAFT agent. The polyMIPE structure was studied in 
order to find the main parameters that influence the size of the voids 
and the windows of the porous monolith [7]. For understanding the 
surface chemistry, they used an indirect method, static water contact angles, 
which depends on the interfacial energies between the water droplet and the 
surface of the polyHIPE. Another example of using poly(styrene)-b-
poly(acrylic acid)- macro-RAFT agent in polyHIPE was demonstrated 
by Luo et al. In this work the hydrophilic block of the macro-RAFT 
agent (acrylic acid) on the surface of polyHIPE was characterized by 
X-ray photoelectron spectroscopy (XPS) [8]. XPS analysis is widely 
used for surface characterization of polyHIPEs [9-15]. While this 
technique provides chemical information of the surface, the spatial 
resolution of the technique is only slightly better than fluorescence 
microscopy [16]. 
In chapter 2, a macro-RAFT agent was used as an anionic emulsifier 
in an inverse HIPE approach [17]. The surface chemistry of the 
obtained polyHIPE was mapped using RAMAN spectroscopy. In this 
chapter, the ability to control the morphology and functionality of the 
porous monolith has been targeted, while ensuring the obtained 
polymers possess a homogeneous structure [18, 19]. For 
characterization of such porous monoliths, while many of the 
components exist in the bulk, visualizing surface chemistry at the 
nanoscale is imperative. 
During polyHIPE formation, it is hypothesized that quasi-block 
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copolymers remain on the surface of the polyHIPE structure either 
through physi- or chemisorption (Figure 4.1). Using synchrotron-
based scanning transmission X-ray microscopy (STXM) as a new 
technique for the characterization of polyHIPE monolith with a 
surface spatial resolution on the order of 30-100 nm, in this chapter I 
test this hypothesis and report our findings. 
	
Figure 4.1. Schematic representation of the HIPE polymerization 
approach towards straightforward surface functionalization by acrylic 
acid (AA). A) Using a macro-RAFT agent and B) Using an end-group 
removed macro-RAFT agent as sole emulsifier (Blue circle is AA 
units, Red circle is styrene units and yellow star is presenting the 
RAFT moiety of the macro-RAFT agent). 
 
Chapter	4.	 One-pot	synthesis	of	polyHIPE	structure	with	a	hydrophilic	surface	
	
	 140	
4.2 Experimental Section 
4.2.1 Materials 
Styrene (Sty, Aldrich, 99%) was passed through a column of Al2O3 to 
remove the inhibitor.  Acrylic acid (AA, Merck, ≥99%) was purified by 
distillation under reduced pressure. The RAFT agent, 2-[[(butylsulfanyl)-
carbonothioyl]sulfanyl] propanoic acid (PABTC), was synthesized as 
described in Ref. [20]. Methanol (Fluka), basic alumina (Al2O3, Brockman 
activity I, 60-325 mesh), calcium chloride dihydrate (CaCl2, APS Ajax 
Finechem, 98%), 4,4′-azobis(4-cyanovaleric acid) (V501, >98%, Aldrich) 
were all used as received. 2, 2′-azobis(isobutyronitrile) (AIBN, MP 
Biomedicals, Eschwege, Germany) was recrystallized from methanol. 
4.2.2 Synthesis of amphiphilic surfactant by RAFT technology 
A series of amphiphilic quasi-block macro-RAFT agents (Qb) consisting of 
AA and Sty were synthesized by some modification as reported in the 
literature [8]. A typical polymerization protocol that was adopted is 
summarized: In first step, 1 g (4.20×10-3 mol) of PABTC, 0.12 g (4.20×10-4 
mol) of V501 and 1,3,5-trioxane (53 mg, 0.586 mmol) as an internal 
reference were introduced to a round-bottom flask which was then sealed 
with a rubber septum, and solids were purged with argon for 10 min. In a 
second step, 1.82 g (2.52×10-2 mol) of acrylic acid (AA) was then dissolved 
in 50 mL of dioxane before addition to a flask to obtain a solution. This was 
purged with argon for 10 min. The reaction was allowed to proceed at 80°C 
for 3 h under constant stirring.  
After quenching the reaction in an ice bath, a small aliquot of the solution 
was removed for 1H NMR analysis. Styrene (Sty) and V501 were then 
added to the round bottom flask at a molar ratio (relative to the initial chain 
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transfer agent concentration) equal to the desired number of monomer 
repeat units per macro-RAFT agent. The mixture was further purged with 
argon for 10 min and further polymerization for 12 h at 80°C was performed, 
after which a small aliquot of the solution was removed for SEC and 1H 
NMR analysis. The product macro-RAFT agent was collected by 
precipitation of the above mixture in water and then water was removed via 
freeze-drying of the macro-RAFT agents at -30 °C under reduced pressure 
for at least 100 hours (Figure 4.2). 
	
Figure 4.2. A) Macro-RAFT agent Qb-1 B) Macro-RAFT agent Qb-2. 
C) 1HNMR spectra of macro-RAFT agent Qb-1 (DMSO-d6). 
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To investigate the effect of the RAFT moiety, the RAFT end group of 
the macro-RAFT agents were cleaved using a typical protocol with 
minor modifications (see Chapter 3). The polymer was then stored at 4 
°C until use. Table 1 shows the characteristic data for the P(AA)-qb-
P(Sty) diblock copolymers synthesized in this study. Figure 4.3 shows 
the general synthesis of AAm-b-Styn quasi-block copolymers. 
	
	
Figure 4.3. General synthesis of the P(AA)-qb-P(Sty) amphiphilic 
quasi-block copolymers 
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Table 4.1. Amphiphilic surfactant synthesized in this study 
1 Determined by SEC in THF (Calibration Sty). 
	
4.2.3 Polymerization of styrene-based polyHIPEs 
The quasi-block copolymer and AIBN as initiator were dissolved in 
styrene and divinylbenzene and an aqueous phase containing calcium 
chloride (to suppress the Ostwald ripening) was added drop-wise to an 
aqueous solution of macro-RAFT agent with a desired concentration at 
a rate of 0.8 mL min-1 with constant stirring (magnetic stirrer) at 1000 
rpm. The emulsion was then stirred at 14000 rpm using a homogenizer 
for 2 minutes (Ultra Turrax T 25 IKA, 7.5 mm rotor, Germany). The 
emulsion was transferred to a mold (a glass container) and cured in a 
water bath at 65 °C for 24 h. The resulting polyHIPE was purified via 
Soxhlet extraction with methanol for 48 hours as well as 48 hours with 
water. The purified monolith was dried under vacuum oven for at least 
72 h to constant weight under vacuum at 30 °C. Four different types of 
polyHIPEs were prepared by varying the type of quasi-block 
copolymers used in the polymerization process. Table 4.2 lists the 
structural properties of different polyHIPEs prepared in this chapter. 
	
	
	
(AA)X-qb-(Sty)Y X (feed) 
(AA)a 
Y (feed) 
(Sty)a 
Mn, SEC    
 (g mol-1) 1 
Đ  
 
Qb-1 6 12 1291 1.19 
Qb-2 3 6 1015 1.12 
End group removed-Qb-1 6 12 1245 1.19 
End group removed-Qb-2 3 6 902 1.12 
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Table 4.2. Morphological features of polyHIPE samples. 
Sample 
code 
macro-RAFT agent %wt  (SEM) (µm) 
<D> (1) <d> (1) 
A1 Qb-1 10 5.35 - 
A2 Qb-2 10 4.39 - 
A3 End group removed Qb-1 10 - - 
A4 End group removed Qb-2 10 4.65 0.81 
A void describes the pores of the PolyHIPE and <D> is average size of voids. Window refers 
to the interconnecting pores between two adjacent droplets and <d> is average size of 
windows. 
 
4.2.4 Characterization techniques 
NMR analyses was performed using a Bruker Ultra Shield Avance 
Spectrometers (600 MHz). For all NMR analyses deuterated solvents 
were used as stated. Size exclusion chromatography (SEC) was 
performed using a Viscotec instrument using a refractive index 
detector (RID) and two chromatography columns (two PSS S linear 3 
µm, Polymer Standard Services GmbH, PSS) and THF (HPLC grade) 
as eluent (flow rate 0.5 mL min-1). The column oven was kept at 40 
°C. All polymer samples were dissolved overnight in the eluent at a 
concentration ~ 2 mg mL-1, then filtered through a 450 nm Nylon 
filter. The calculated molecular weights were based on calibration with 
respect to polystyrene (PSt) standards spanning a mass range of 160 to 
154000 g mol−1 (PSS-Polymer Laboratories). The standards were 
prepared (2 mg mL-1) and injected. 
PolyHIPEs were characterized by field emission gun scanning electron 
microscopy (FE-SEM) studies using a Hitachi SU-70 FESEM in the 
Central Science Laboratory, University of Tasmania. All samples were 
platinum coated for 15 s in an argon atmosphere (Emitech 550, 
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Emitech Ltd., UK). The calculation of the average voids and windows 
diameter (in the case of any) was performed on sets of at least 100 
voids and 100 windows, respectively, using the image analysis 
software ImageJ (NIH image) [21]. A statistical correction was 
employed to obtain more accurate value by using a correction factor of 
2/(31/2), as described by Carnachan et al.[22]. 
 The composition of the material was examined by EDX experiments 
where the materials were sputter-coated with carbon (Ladd 40000 
carbon evaporator) before analysis. Sulfur content was analyzed using 
CHNS elemental analyzes using a Thermo Finnigan EA 1112 Series 
Flash Elemental Analyser. The sample mass was about 15 mg. FTIR 
spectra were recorded using a Bruker Vertex 70 infrared spectrometer 
equipped with an ATR probe coupled with a Hyperion 3000 (FPA - 
microscope). X-ray photoelectron spectroscopy (XPS) was performed 
on a Kratos Axis Ultra DLD equipped with a monochromatic Al Kα 
source (1486.6 eV). Each sample was analyzed at an emission angle 
normal to the sample surface. Wide-scan spectra (1100 – 0 eV) were 
acquired at a pass energy of 160 eV and high resolution C 1s spectra 
were acquired at 20 eV. Data were processed with CasaXPS 
(ver.2.3.16 Pre rel. 1.6, Casa Software Ltd). Bright field TEM images 
were obtained at the McMaster Faculty of Health Sciences electron 
microscopy facility using a JEOL 1200EX operating at 80 kV.  
STXM measurements were performed using the STXM at the BL4U 
beamline at the UVSOR Synchrotron (Okazaki, Japan). This 
instrument has been described previously in Ref. [23]. After 
introducing the sample into the main STXM chamber, the chamber 
was evacuated and was filled with helium gas to 60 mbar. The STXM 
measurements in this case required ~ 2 h of beamtime and a further 2 h 
of data analysis. The transmitted intensity (I) of the particles or 
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reference materials was normalized by the transmitted intensity (I0) 
through Si3N4 windows without the sample to yield the optical density 
OD = -ln(I/I0). All STXM data analysis was performed using the 
aXis2000 software provided by Prof. Adam Hitchcock, McMaster 
University, Canada [24]. 
Techniques for preparing the thin section samples are similar to those 
used for transmission electron microscopy (TEM). Briefly, the 
polyHIPE was embedded with an aliphatic epoxy resin consisting of a 
1:1 mixture of trimethylolpropane triglycidyl ether (TTE) and an 
alicyclic amine, 4,4′ -methylene bis (2-methylcyclohexylamine) 
(MMCA), and was cured overnight at 60 °C. The embedded sample 
was then ultramicrotomed at room temperature into ~100 nm thin 
sections which were floated on distilled water and picked up onto 
Formvar-coated 100 mesh Cu TEM grids. 
 
4.3 Results and discussion 
4.3.1 Morphology control in polyHIPEs via macro-RAFT agent 
composition 
In order to determine the influence of the RAFT moiety of the macro-
RAFT agents on the morphology and the surface chemistry, control 
polyHIPEs A1 and A2 were synthesized using the macro-RAFT agent 
Qb-1 and Qb-2 (10% w.r.t. the continuous phase), respectively. Both 
polyHIPEs A1 and A2 possess closed morphology with average void 
diameters of 5.35 µm and 4.39 µm, respectively (Figure 4.4 and Table 
4.2). This confirmed that while the HLB number (hydrophilic-
lipophilic balance [11]) of both macro-RAFT agent is the same, the 
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lower molecular weight macro-RAFT agent was able to stabilize HIPE 
with a smaller average droplet size and as result smaller voids in the 
obtained polyHIPE A2. 
Furthermore, by using the end group removed-Qb-1 (10 wt%) as a sole 
stabilizer the successful stabilization of HIPE (A3) was obtained.  It 
was found that both the water droplet size and the morphology of the 
obtained polyHIPE was different to that of A1. An SEM image of the 
obtained polyHIPE is shown in Figure 4.4. In comparison to poyHIPE 
A1, polyHIPE A3 possess an interconnected polyHIPE structure with 
an increased number of windows.  
Chapter	4.	 One-pot	synthesis	of	polyHIPE	structure	with	a	hydrophilic	surface	
	
	 148	
 
Figure 4.4. Scanning electron micrographs of emulsion template 
macroporous polymer made by polymerization of HIPEs stabilized 
solely by A1) macro-RAFT agent-Qb1, A2) macro-RAFT agent-Qb2, 
and A3) end group removed-Qb-1 at 65 °C in presence of AIBN as 
initiator. 
The end group removed-Qb-2 (10 wt%) was also used as sole 
stabilizer but there was rapid phase separation, indicating the 
importance of the RAFT moiety for stabilizing the system (Figure 
4.5). 
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Figure 4.5. Phase separation after preparation of HIPE A4 
formulation. 
It has been shown previously that reducing the possibility of interfacial 
initiation of the emulsion templated polymerization by removing the 
RAFT moiety has a significant effect on porosity of the resultant 
polyHIPE [6]. It was observed that removing the RAFT moiety of a 
nonionic polymeric surfactant resulted in materials with an open 
structure; here we demonstrate the same trend with an anionic 
polymeric surfactant. 
4.3.2 Compositions of polyHIPE containing quasi-block 
copolymers 
It has been reported that the presence of the RAFT-end group in 
amphiphilic copolymers increases the hydrophobicity of the 
copolymer [25]. To further investigate the inclusion of the quasi-block 
copolymer within the polyHIPE structure, FTIR analyses were 
performed on the resultant materials, in comparison to a sample of 
poly (styrene-co-divinylbenzene) polymerized in bulk (AIBN as 
initiator) subjected to the same washing protocol. A difference 
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between the bulk polymer and polyHIPE A1 and A3 was found 
(Figure 4.6A). This result confirmed the presence of the carbonyl 
group in both polyHIPEs A1 and A3. Further, the FTIR mapping 
technique confirmed the presence of the C=O groups in the same 
physical location as the walls of the polyHIPE voids, which are due to 
the carboxylic group of the acrylic acid segment (Figure 4.6B).  
 
Figure 4.6. A) ATR-IR of bulk polymer (black line), polyHIPE A1 
(red line), and polyHIPE A3 (blue line) (from bottom to top). The peak 
around 1650- 1850 cm-1 is highlighted. B) FTIR mapping (upper) is 
based on the normalized carboxylic peak: (C=O/C=C) (1725 – 1770 
cm−1) peak area divided on aromatic carbon-carbon double bond peak 
area (2800 – 3000 cm−1). FTIR mapping (bottom) based on signal to 
baseline from 2800 to 3000 cm-1 at the same area (Dark blue regions 
in the lower image are void locations within the polyHIPE. The size of 
the image of the FTIR maps is 30×30 µm). 
The FTIR spectra of the polyHIPE A3 is very similar to the polyHIPE 
A1. So, the same protocol for FTIR mapping characterization was 
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applied in polyHIPE A3. Unfortunately the attachment of the scanning 
probe to the surface of the polyHIPE A3 was not successful and the 
results lacking the necessary chemical sensitivity (as in the case of 
scanning probe technologies). 
Further evidence for the presence of the macro-RAFT agent on the 
surface of the polyHIPE was obtained from Energy Dispersive X-ray 
analysis (EDX), clearly indicating that oxygen was present at the 
surface of the polyHIPE A3 (Figure 4.7). 
 
Figure 4.7. EDX mapping analysis on polyHIPE A3; (A) SEM image 
and (B) Overall mapping elements on the same spot: corresponding to 
carbon (C), and oxygen (D) mapping. Scale bar is 50 µm. 
The most likely explanation for this observation is that the quasi-block 
copolymer (or end-group removed Qb-1) is adsorbed to the surface of 
the polyHIPE A3.  For polyHIPE A1, sulfur and oxygen were revealed 
which are come from macro-RAFT agent Qb-1. Calcium and chloride 
(from CaCl2) were also present on the surface. This shows that the 
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washing protocol for the closed-structure polyHIPE A1 was not able to 
wash out the co-stabilizer (Figure 4.8). 
 
Figure 4.8. EDX mapping analysis on polyHIPE A1; (A) SEM image 
and (B) Overall mapping elements on the same spot: corresponding to 
carbon (C), oxygen (D), calcium (E), and chloride (F) mapping. Scale 
bar is 10 µm. 
Elemental analysis also confirmed the presence of sulfur amount 
within the polyHIPE A1 (see Table 4.3.). 
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Table 4.3. Elemental analysis data 
Sample ID N% C% H% S% 
Bulk polymer 0.17 90.76 8.23 0.00 
PolyHIPE A1 0.18 80.56 7.79 0.69 
PolyHIPE A3 0.09 85.72 8.41 0.00 
	
In addition to the EDX-SEM and elemental analysis results, which 
show evidence for presence of the quasi-block copolymer on the 
surface of polyHIPEs, polyHIPEs A1 and A3, and poly (styrene-co-
divinylbenzene) were further evaluated by X-ray Photoelectron 
Spectroscopy (XPS). The high-resolution C 1s spectrum for polyHIPE 
A1 is shown in Figure 4.9 with the quantification results of wide-scan 
relative elemental composition shown in the inset. 
 
Figure 4.9. High-resolution C 1s spectrum for polyHIPE A1 with 
quantification of wide-scan data inset. Carbon binding environments 
(in black) were fit to the spectrum envelope (red). 
Chapter	4.	 One-pot	synthesis	of	polyHIPE	structure	with	a	hydrophilic	surface	
	
	 154	
Table 4.4. XPS analysis data  
Sample ID C% O% S% Si% Ca%1 Cl%1 
RAFT Agent 72.8 18.5 5.9 2.8   
Poly HIPE A1 82.1 14.7 0.6 1.5 0.5 0.7 
Poly HIPE A3 95.4 3.9 0.7    
Poly (styrene-co-DVB) 
Bulk polymer 
96.5 2.9 0.7    
Calcium Chloride was dissolved in aqueous phase to suppress the Ostwald ripening. 
In addition to the large abundance of C and O, a small amount of S 
was present as expected. Additionally, there was evidence of trace 
amounts of Ca, Cl and Si from the synthesis and contamination. 
Component peak fitting of the C 1s spectrum shows evidence for 
carboxylic acid and aromatic functionalities consistent with the 
polymer structure. In contrast, the polyHIPE A3 spectrum had a higher 
abundance of carbon, and lower abundance of oxygen (C = 95.4 %, O 
= 3.9 %) which was quantitatively and qualitatively similar to the 
spectrum for bulk poly (styrene-co-divinylbenzene) (Table 4.4). As 
ejected photoelectrons originate from the outermost 10 nm of the 
sample, XPS analysis indicates a higher surface presentation of 
aromatic groups in the A3 sample compared to the A1 sample. 
 
4.3.3 PolyHIPE Characterization by Scanning Transmission X-
ray Microscopy (STXM) 
There is a drawback in all the above characterization methods for 
revealing the surface chemistry, mainly related to the resolution of 
these techniques. While all above characterization methods are 
powerful analytical techniques, the ability of these techniques to 
deliver the chemical composition distribution of polyHIPE A3 are 
limited. 
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In our group, scanning transmission X-ray microscopy (STXM) has 
been shown to be a powerful imaging technique that provides 
chemical selectivity and high spatial resolution of ~35 nm for the 
characterization of monoliths as support phases for liquid 
chromatography [19]. STXM is basically a synchrotron-based 
technique which combines near edge X-ray absorption fine structure 
(NEXAFS) spectroscopy and soft X-ray scanning microscopy. 
Chemical contrast is obtained from differences in NEXAFS carbon K-
edge spectra, which arise due to differences in the π* anti-bonding 
orbitals of the blend materials [26]. This powerful technique provides a 
relatively rapid chemical imaging of polymer using a sequence of 
highly resolved X-ray photon, enabling an excellent spatial resolution 
and a possibility for quantitative analysis [27-29]. 
STXM imaging was conducted by focusing on the C 1s core-line 
signal in NEXAFS. This region was selected because the chemical 
environment of the carbon atoms (such as aromatic carbon-carbon 
double bond) is of particular interest for the present systems. In this 
technique spectra can be acquired over a small region. Figure 4.10 
shows the C 1s NEXAFS spectra obtained for the cross-linked styrene 
network area of both polyHIPEs (A1 and A3). Reference spectra of the 
pure polymeric components were also recorded with the same 
instrument: macro-RAFT agent Qb-1, RAFT agent (PABTC) and the 
epoxy which was used to embed the polyHIPEs. 
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Figure 4.10. NEXAFS reference spectra of the epoxy (embedding 
matrix), RAFT agent, macro-RAFT agent, and polystyrene cross-
linked polyHIPEs that correspond to 1 nm thickness of each 
component. 
The spectrum for the cross-linked styrene-based scaffold has a strong 
peak at 284.6 eV, which is characteristic of C 1s → π*C=C transition 
in phenyl ring. The macro-RAFT agent spectrum shows two peaks: a 
strong peak at 284.9 eV, which corresponds to the C 1s → π*C=C 
transition of the phenyl ring (styrene of macro-RAFT agent) and a 
peak at 288.9 eV, which is characteristic of C 1s → π*C=O transition 
in esters. In comparison to the RAFT agent spectrum, the intensity of 
peak at 288.9 eV has been increased due to acrylic acid incorporation 
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to the macro-RAFT agent. It is also important to mention that the 
epoxy resin has little or no absorption at these energies and therefore 
there is excellent contrast between the resin, the scaffold, and the 
macro-RAFT agent. 
TEM images of the polyHIPEs A1 and A3 are shown in Figure 4.11.  
This technique gives information about the inner cross-sectional area 
of the polyHIPE. 
 
Figure 4.11. TEM images of polyHIPEs: (a) polyHIPE A1 and (b) 
polyHIPE A3 embedded in epoxy. The zones are: the epoxy 
embedding materials (1), the cross-linked poly (styrene-co-
divinylbenzene) (2). The scale bar is 10 µm. 
Using a sequence of highly resolved X-ray photon energies covering 
the C 1s spectral region (280 to 320eV), successive images were 
obtained for polyHIPE A1 and A3. A STXM composite component 
map of polyHIPE A3 was created (Figure 4.12) with respect to the 
corresponding X-ray spectra of reference materials; the macro-RAFT 
agent Qb1, poly (styrene-co-divinylbenzene) crosslinked polymer 
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network and epoxy components are shown in blue, green, and red, 
respectively. 
 
Figure 4.12. STXM color coded composite map (red=epoxy, 
green=PSty, blue=macro-RAFT agent on the surface of polyHIPE A3). 
The following features can be noticed in the representative selection of 
micrographs reported in Figure 4.12: (i) it can be seen clearly that the 
macro-RAFT agents fully cover the interface between void and 
scaffold (blue). (ii) The data from inside the void has been masked by 
epoxy which was used embedded polyHIPEs (red). For polyHIPE A1, 
STXM composite component map is shown in Figure 4.13. The same 
features as polyHIPE A3 were observed in STXM map. 
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Figure 4.13. STXM color coded composite map of polyHIPE A1 
(red=epoxy, green=PSty, blue=macro-RAFT agent). 
4.4 Concluding remarks 
A hydrophilic coating is introduced to the poly (styrene-co-
divinylbenzene) by using a straight forward strategy in order to 
anchoring poly(acrylate) to the surface. The void size of the 
polyHIPEs was tunable by tailoring the macro-RAFT agent 
composition: Possess closed structure when HIPE stabilized by macro-
RAFT agent and possess open homogenous template polyHIPE when 
the RAFT agent of the amphiphilic macro-RAFT agent has been 
cleaved prior stabilizing the HIPE. The surface chemistry of the 
polyHIPE has been revealed by FTIR mapping, EDX-SEM, XPS as 
well as STXM.  
Soft X-ray microscopy images recorded at multiple wavelengths have 
been used to qualify the chemical composition in polyHIPE. This 
capability is being used for mapping of the surface of polyHIPE. This 
methodology was found to be effective in spectroscopically mapping 
the distribution of macro-RAFT agent on the surface of macroporous 
polyHIPE monolith. The results shown in this work clearly 
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demonstrate how STXM analysis can reveal chemical information for 
these materials. 
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5. General conclusions and future perspectives 
The following general conclusions summarise the main findings of this 
thesis which explores a novel method for the synthesis of porous polymeric 
monolith materials, with potential further applications as a stationary phase 
in separation science. 
As mentioned in the Preface, the structural inhomogeneity of polymer-based 
monoliths can adversely affect their separation efficiency. More 
homogeneous structures can be obtained by polymerising high internal 
phase emulsions (HIPEs), which consist of a highly porous structure with 
interconnected spherical voids (known as polyHIPEs). 
Chapter 2 investigated the preparation of an inverse (oil-in-water) HIPE, 
using an amphiphilic macro-RAFT agent with toluene as the internal 
dispersed phase and an aqueous monomer solution as the continuous phase. 
The presence of this amphiphilic polymeric surfactant allowed the 
successful preparation of a polyHIPE upon polymerization. Varying the 
lengths of the hydrophilic and hydrophobic blocks of the macro-RAFT 
agent resulted in polyHIPEs with different porous structures. The presence 
of RAFT functionality in the polyHIPE was confirmed by a combination of 
characterisation techniques used to improve the understanding of the surface 
chemistry. In particular, Raman mapping revealed full coverage of the void 
walls with trithiocarbonate groups.  
As mentioned in Chapter 2, by using a KPS/TEMED redox couple as the 
initiating system, a polyHIPE with a regular porous structure was obtained 
via polymerization at room temperature. While I demonstrated the synthesis 
of polyHIPE at room temperature is essential with respect to the 
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homogeneity of the structure, the presence of KPS is a source of sulfur in 
the subsequent analysis of the material. Considering the sulfur amount from 
macro-RAFT agent, it would be interesting to utilize initiating systems by γ-
ray radiation method at room temperature. In such a case elemental analysis 
will directly quantify the macro-RAFT agent incorporation into the material. 
The use of radiation methods for polymerization of polyHIPE would be also 
be of interest.  
Radiation-based methods offer additional control over the polymerisation of 
polyHIPE. In this case, the mechanism of the attachment of the macro-
RAFT agent on the surface of the polyHIPE (physic- or chemisorption) 
could be studied in detail, especially respect to understanding the presence 
of two extra peaks (observed at ~985 and 1000 cm-1) in the RAMAN 
spectrum of the polyHIPE which were not seen in either bulk or macro-
RAFT agent spectra (Figure 5.1). The identity of these peaks is unknown 
and could be attributed to species formed via traditional chemical initiation. 
 
Figure 5.1. Raman spectra of macro-RAFT agent-Qb1 (Red line), 
difference between polyHIPE A3 and bulk polymer (Black line) 
(Reprint from Chapter 2). 
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Chapter 3 described the application of hydrophilic polyHIPEs as a possible 
stationary phase in High Performance Liquid Chromatography (HPLC). The 
functionalized polyHIPE was prepared in a capillary column based on the 
method that was developed in Chapter 2. The amphiphilic brush copolymers 
of Poly(poly(ethylene glycol) methyl ether acrylate)-qb-Poly(Styrene) were 
produced to use as stabilizer. The PEO-based “brush-like” monomers were 
used in order to increase stabilization due to a larger surface area occupied 
per chain and the higher surface mobility of this block. While all 
demonstrated polyHIPE examples in separation science consist of polymers 
that are hydrophobic in nature, which limits their applications in separation 
science, this work represents (to the best of our knowledge) the first 
hydrophilic polyHIPE prepared inside a capillary column.  
A capillary format was chosen as a ‘column housing’ for hydrophilic 
polyHIPE to be evaluated as stationary phases for nano-Liquid 
chromatography. I systematically studied the effect of concentration, 
monomer amount in the aqueous phase and capillary internal diameter as a 
“column housing” in order to prepare high interconnected, hydrophilic 
polyHIPE monoliths. We also showed that the RAFT functionality on the 
surface of the polyHIPE materials provide a powerful substrate for 
subsequent surface chemistry reactions and that this offers exciting 
possibilities for future applications of materials prepared in this way. 
Further, the importance of the RAFT moiety of the macro-RAFT agent on 
the attachment of the polyHIPE to the inner surface of column was 
highlighted. The surface chemistry of obtained polyHIPE was studied by 
liquid chromatography with respect to the retention time of different 
compounds in different modes of chromatography such as reversed phase 
(RP) and hydrophilic interaction liquid chromatographic (HILIC). 
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An investigation on the macro-RAFT composition on the stability of HIPEs 
would be interesting, especially by using a random block copolymer, which 
is expected to improve the stability and as a result, a more homogeneous 
polyHIPE structure. Further investigation into decorating these materials 
with different functional groups would be of great interest. This could be 
achieved by using different hydrophobic monomers followed by 
investigation of different hydrophilic monomers and number of units to 
determine the effect of the polymeric surfactant on void size and their 
surface chemistry. The suggested future work would be decorated these 
materials with different functional groups. Hence, a range of well-defined 
polyHIPE columns with almost any functionality on the surface can be 
accessed including ion-exchange, affinity, chiral, and mixed-mode. 
The applications described in this chapter lay the groundwork for other 
potential research that could be performed with polyHIPE. While it has been 
shown that the polyHIPE monolith can separate small molecules with a 
reasonable performance, there is still significant work to be done improving 
column performance. For example, optimization of flow rates, column lengths, 
injection volumes, and on column pressures would allow improvements in 
chromatographic performance. As stationary phase materials, the future of 
polyHIPE monolithic for use in separation science holds exciting prospects 
for fast sample preparation as well as for liquid-liquid extraction. Also, the 
obtained polyHIPE appears to offer new opportunities for use as supports in 
batch or flow-through chemical reactions, which can be targeted for future 
investigations. 
Chapter 4 investigated the synthesis and surface characterization of “normal,” 
styrene-based polyHIPEs where the macro-RAFT agent (Poly(styrene)-Qb-
Poly(acrylic acid)) used as sole stabilizer. As a result, a hydrophilic coating was 
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introduced to the styrene-based polyHIPE through a straight forward strategy in 
order to anchoring poly(acrylic acid) to the surface. FTIR surface mapping 
confirmed the presence of the carbonyl groups in the same physical location 
as the walls of the polyHIPE voids, solely due to the carboxylic group of the 
poly(acrylic acid) segment of the stabilizer. 
I further explored the effect of the RAFT moiety of the macro-RAFT agent 
on the morphology of the obtained polyHIPEs. In the absence of RAFT 
moiety, an open porous structure was formed. This interconnectivity is 
essential for considering materials for flow-through application such as 
separation science. The surface chemistry of the open structure is similarly 
important. In this case, prepared polyHIPEs were fully characterized by 
FTIR spectroscopy, FTIR mapping, SEM, SEM-EDX, TEM, XPS as well as 
synchrotron-based scanning transmission X-ray microscopy (STXM). The 
latter technique was particularly informative, revealing the surface 
chemistry of the obtained polyHIPEs and macro-RAFT agent 
multicomponent with an excellent surface spatial resolution. These series of 
the powerful characterisation techniques are essential to understand the 
surface chemistry of obtained polyHIPEs.  
This work highlights that there is still a considerable need to gain a broader 
understanding of polyHIPE surface chemistry. While these findings 
demonstrated the suitability of the obtained functionalized polyHIPE to be 
considered as a separation media, further work is necessary to gain a precise 
insight into the limitations of surface area.  
In summary, this thesis documents the development of a novel technology 
to allow straightforward functionalization of obtained polyHIPEs via a 
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surfactant-assisted functionalization strategy, to create new classes 
functionalized porous media. A series of advanced characterization 
techniques were utilized to understand the surface chemistry of the resulting 
polyHIPEs. The application of hydrophilic-based polyHIPE was evaluated 
as a stationary phase for nano-Liquid Chromatography, with exciting 
potential applications into the future. 
